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FOREWORD 


This  Final  Laser  Communication  Subsystem  Design  Report  under 
Contract  FO-4701-71-C-0329  (Laser  Communication  Preliminary 
Subsystem  Design  for  the  Space  Data  Relay  Subsystem)  consists 
of  three  volumes: 

Vol.  1  -  Executive  Summary 

Vol.  11  -  Task  Reports 
Vol.  Ill  -  Appendixes 

Volume  I  provides  a  summary  of  the  work  performed  under  the 
contract.  A  detailed  discussion  of  the  LMSC  design  is  contained 
in  Vol.  II.  Volume  III  contains  detailed  technical  discussions  of 
the  important  aspects  of  the  study  which  were  investigated  in  order 
to  reach  the  final  design  conclusions. 
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ABSTRACT 


A  preliminary  design  for  a  laser  communication  subsystem  (LCS) 
for  a  Satellite  Data  Relay  Subsystem  is  presented  in  three  volumes. 
The  LCS  design  includes  a  1-Gbit/sec  data  relay  system,  a  20- 
kbit/sec  command  and  control  system,  a  ranging  system,  and  the 
acquisition  and  tracking  system  for  pointing  a  2.4-prad  beam. 
Communication  links  between  ground/aircraft/low -orbit  satellites 
and  a  synchronous  relay  satellite,  between  two  synchronous  relay 
satellites,  and  between  a  synchronous  relay  satellite  and  aircraft/ 
ground  terminals  are  treated.  The  baseline  design  includes 
quadriphase-shift-keyed,  microwave  subcarriet  modulation  of  a 
0.  53-am  Nd:YAG  laser  beam  for  the  high-data-rate  subsystem, 
modulation  of  a  HeNe  laser  beam  for  command  and  control  and  rang¬ 
ing  signals,  and  a  Q- switched  Nd-.YAG  laser  for  initial  acquisition. 
The  optical  subsystem  design  includes  24-in. -diameter  and  6-in.  - 
diameter  telescopes.  The  critical  components  requiring  develop¬ 
ment  are  evaluated,  and  a  plan  and  schedule  are  presented. 
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Section  1 
INTRODUCTION 


1.1  i>ni  pose 

The  purpose  of  this  Requirements  Document  is  to  set  forth  all  the  jxirumclers  that 
direct,  influence,  or  constrain  the  analysis  and  design  of  the  Laser  Communication 
Subsystem.  This  single  reference  point  for  requirements  will  be  expanded  and 
revised,  as  necessary,  to  maintain  completeness  and  currency. 

1.2  SCOPE 

This  document  includes  the  definition  of  a  postulated  set  of  performance  requirements 
for  an  operational  system  application  of  the  Laser  Communication  Subsystem  as  well 
as  the  subset  appropriate  for  a  space  experiment  support  program  satellite  test. 
Included  also  are  the  progressively  more  detailed  functional  and  design  requirements 
for  the  subsystem  itself. 

1.3  APPLICABLE  DOCUMENTS 

The  documents  listed  in  Section  5  are  a  part  of  this  Requirements  Document  vo  the 
extent  specified  herein.  In  the  event  of  conflicts  between  any  of  the  listed  documents 
and  the  requirements  set  forth  in  Sections  3,  4,  and  5,  the  requirements  of  the 
Contract  Statement  of  Work  (Ref.  1)  shall  take  precedence,  followed  by  those  set  forth 
in  Sections  3,  4,  and  5. 
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Section  2 

SYSTEM  REQUIREMENTS 


The  military  space  data  transfer  needs  of  the  late  1970's  and  bo's  will  require  Un¬ 
availability  of  gigahertz  communication  bandwidths  to  accommodate  critical  high-rate 
digital  and  wideband  analog  information.  'Hie  Laser  Communication  Subsystem  shall 
be  designed  to  satisfy  these  wideband  data  transfer  needs  as  a  jiart  of  an  operational 
data  relay  satellite  system.  The  definition  of  the  operational  system  and  the  attendant 
performance  requirements  imposed  upon  the  Laser  Communication  Subsystem  arc- 
given  in  the  following  paragraphs. 

2.1  OPERATIONAL  SYSTEM 

2.1.1  Relay  System  Definition 

The  postulated  Space  Data  Relay  System  consists  of  three  geosynchronous,  equa¬ 
torial  satellites  equally  spaced  in  their  common  orbit  plane.  The  selected  orbit  loca¬ 
tions  provide  the  capability  for  each  CONOUS  ground  terminal  to  view  two  relay  satel¬ 
lites.  The  third  (or  far)  relay  satellite  is  connected  to  the  system  by  means  of  an 
inter  satellite  link  to  either  of  the  near  relay  satellites.  Operational  considerations 
may  make  it  desirable  to  consider  the  following  alternatives: 

Alternative  1.  Relay  satellites  are  so  positioned  that  only  one  relay  satellite  is 
positioned  to  transmit  and  receive  from  the  CONUS  terminals.  This  has  the 
advantage  that  a  higher  angle  of  elevation  implies  less  atmospheric  propagation 
loss  for  the  optical  links.  The  disadvantage  is  that  there  is  some  loss  of  re¬ 
dundancy  in  that  the  system  depends  entirely  upon  the  reliability  of  the  single 
relay  satellite  that  is  in  view. 

Alte relative  2.  Each  CONUS  terminal  views  two  relay  satellites,  but  they  are 
spaced  closer  than  120°  in  longitude,  for  example,  one  at  50°  to  60°  W.  and  the 
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other  at  120  to  Uitr  W.  for  a  spacing  ol  70u.  This  provides  two  satellites  in 
view  of  CONUS  and  also  has  the  advantage  ol  a  higher  angle  oi  elevation  How 
ever,  this  alternative  has  the  disadvantages  that  (1)  the  third  (la r)  relax  satel¬ 
lite  is  at  a  greater  range  from  the  near  satellites,  so  a  fourth  relay  satellite 
may  become  desirable,  and  (J)  the  two  relays  in  view  may  not  be  at  appropriate 
longitudes  tor  ideal  user  viewing, 

2,  1.  -  System  User  Definition 

Three  categories  of  system  users  can  be  serviced  by  the  relay  system:  earth  satel¬ 
lites,  aircraft,  and  ground  stations,  The  earth  satellite  users  have  been  further 
divided  into  low-altitude  users  (satellites  with  orbit  altitudes  of  less  than  1000  nmi 
and  unconstrained  inclinations)  and  synchronous  altitude  equatorial  users  (satellites 
at  10,323-nnii  altitudes  with  east-west  stationkeeping  capabilities).  The  aircraft 
users  are  identified  as  jet  aircraft  operating  at  altitudes  above  30,000  ft.  The  ground 
station  users  are  assumed  to  have  favorable  geographic  locations  in  order  to  mini¬ 
mise  propagation  problems. 

2.1.3  Receiving  Stations 

Communications  data  receiving  stations  will  be  of  two  types:  ground  terminals  and 
aircraft  terminals.  The  potential  surface  terminal  deployment  pattern  is  sufficiently 
varied  so  that  the  system  design  will  be  capable  of  completing  a  communications  link 
under  less  than  favorable  propagation  conditions.  Aircraft  terminals  will  be  located 
in  jet  aircraft  operating  at  altitudes  above  30,000  ft. 

2.1.4  Communications  Data 

The  primary  data  flow  paths  are  from  the  system  users  (satellites,  aircraft,  or 
ground)  to  the  receiving  stations  (ground  or  aircraft)  via  the  relay  satellite  system,  as 
shown  in  Fi<,.  2-1.  It  is  on  these  paths  that  the  high-rate  digital  and/or  wideband 
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v—  FAR  RE  I  AY  SAT  (SS) 


Fig.  2-1  Typical  Data  Flow  Paths  Within  An  Operational  Relay  Satellite  System 
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analog  mission  data  llow  via  Ihc  laser  link  to  the  receiving  ti  rnunals.  In  addition, 
rommaml  control  data  from  the  receiving  site(s)  to  individual  users  are  also  sent  .mi 
the  relay  system,  as  shown.  Kaeh  relax  satellite  is  capable  of  simultaneously  tr.iii.- 
ferving  ilata  directly  from  any  three  users  to  either  another  relax  satellite  or  a  re¬ 
ceiving  terminal  This  yields  a  system  user  support  eapuhililx  of  lij )  to  eight  simul¬ 
taneous  user  readouts  for  the  postulated  system  of  three  relax  satellites.  Keganilos- 
ol  the  user  satellite  loading  of  the  relay  system,  no  data  communications  channel  can 
exceed  the  maximum  values  specified  in  sections  2.  1.4.  1  and  2.  1.4.2.  All  conirnuni 
cations  between  terminals,  relays,  and  users  must  he  accomplished  at  optical  wave¬ 
lengths  utilizing  a  laser  communications  subsystem. 

2.  1.4,  1  User  Data  Readout  Channel 


The  maximum  data  rate  required  for  individual  future  user  missions  is  defined  as 

9 

1  Gbi:  /  see  (ID  bit/sec).  Consistent  with  this  rate,  a  maximum  user  analog  data  ri 
bandwidth  of  1  GHz  is  established  and  is  also  to  be  considered  the  minimum  bandwidth 
availabli-  uilhin  the  relay  satellite  system.  The  required  data  channel  quality  for 
digital  data  is  specified  by  a  BER  of  S  10  6  and  for  analog  data  is  specified  by  an 
output  S/N  of  =  35  dB.  The  available  bandwidth  for  links  L,?  (intersatellite  relay) 
and  L.(  (earth  readout),  as  shown  in  Fig.  2-1,  must  be  a  minimum  of  1  GHz.  When 
there  arc  multiple  users  for  a  given  link,  such  as  ,  L^g  ,  and  L1C  feeding  into 
links  1..,  and/or  L  ,  the  various  users  will  share  the  link  either  by  reduced  band- 

—  D 

width  by  each  user  or  by  time  multiplexing  of  a  reduced  bit  rate  data. 


Narrowband  user  data  identifiable  as  user  telemetry  (part  of  the  command  and  control 
data),  generated  separately  from  the  wideband  information,  must  be  available  con¬ 
tinuously  from  all  users  linked  to  the  satellites  of  the  relay  system.  The  relay  satel¬ 
lite  must  also  transmit  housekeeping  telemetry.  A  maximum  digital  data  rate  of  of>  kbi 
see  from  each  system  user,  including  relay  satellites,  is  specified  for  this  function 
with  a  BF.R  of  =  10  D.  This  error  rate  is  an  order  of  magnitude  lower  than  usual  for 
telemetry  but  is  consistent  with  the  other  requirements  of  the  communications 
subsystem . 
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2.  1,4,  -  Command  Control  Channel 

The  system  (relays  and  users)  command  control  channel  is  specified  us  a  digital  data 
channel .  The  maximum  data  rate  for  this  channel  shall  be  20  khit/soc  at  a  BER  ol 
l  lo  *’  ,  although  the  data  rate  for  any  particular  user  will  not  exceed  lu  kbit /sec. 
Command  verification  is  required  and  must  be  provided  by  the  narrowband  user  (.lata 
channel  (i.e.  ,  telemetry  channel).  As  a  part  of  the  command  control  function,  the 
collection  of  range  tracking  data  characteristics  ot  the  spatial  position  ol  each  relay 
satellite  as  well  as  satellite  users  shall  be  provided.  Tracking  data  ot  users  and  the 
far  relay  shall  be  collected  via  the  near  relay.  Range  data  accuracies  will  lie  as 
follows-. 


Random  Range 

Communications  Error 

Link  (ft  lo) 

Bias  Range 
Error 
(ft) 

Terminal  to  Near  Relay 

5 

5 

Terminal  Direct  to  User 

5 

5 

Terminal  to  Far  Relay 

7 

7 

(via  Near  Relay) 

Terminal  to  Users 

r* 

1 

7 

(via  Near  Relay) 

Tracking  data  are  not  required  on  aircraft  or  surface  users. 

Both  commanding  and  tracking  are  periodic  functions,  but  the  capability  must  exist 
to  command  any  relay  satellite  or  user  (in  the  system)  at  any  time.  Tracking  data 
collection  shall  be  on  a  noninterference  basis  with  command  and  other  telemetry. 

2.2  SPACEFLIGHT  EXPERIMENTAL  PROGRAM 

Many  of  the  performance  characteristics  required  for  the  operational  system  have 
been  or  will  be  demonstrated  prior  to  deployment  of  the  previously  described  relay 
system.  Tnere  are,  however,  aspects  of  the  Laser  Communication  Subsystem  that 
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must  be  experimentally  validated  before  a  commitment  can  be  made  to  develop  the 
operational  system.  The  experimental  program  requires  the  design  and  development 
of  a  space-qualified  Laser  Communication  Subsystem,  integration  of  the  subsystem 
into  an  STP  spacecraft  design,  and  the  orbital  test  and  evaluation  program  utilizing 
surface  and  aircraft  terminals/users.  If  practicable,  the  orbital  testing  shall  include 
the  support  of  a  separate  spacecraft  user  (e.  g.  ,  another  DoD  or  NASA  satellite  with 
compatible  hardware).  A  synchronous  equatorial  orbit  is  required  to  achieve  the 
objectives  of  this  demonstration. 

2.2.  1  Space  Test  Program  Satellite  Payload  Definition 

The  payload  required  to  satisfy  the  requirements  set  forth  above  must  consist  of  one 
Package  A  and  one  Package  B  with  a  limited  amount  of  additional  instrumentation. 

The  detailed  design  requirements  for  the  operational  configuration  of  these  packages 
as  defined  in  Section  4  will  apply  to  the  STP  model  as  design  goals. 

2.2.2  Payload  Interface  Requirements 

The  Laser  Communication  Subsystem  design  establishes  an  interface  which  requires 
that  the  STP  spacecraft  provide  the  support  shown  in  Table  2-1.  In  addition,  access 
to  a  computer  is  required  to  perform  the  acquisition  and  tracking  computations  and 
sequence  control.  This  computer  should  be  a  general-purpose  binary  unit  wdth  ran¬ 
dom  access  memory.  Storage  requirements  are  6  thousand  16-bit  words.  Read  and 
write  cycle  times  should  be  <  3  psec  and  access  time  should  be  <  1  gsec. 

2.2.3  Experiment  Priorities 

The  highest  priority  aspect  of  the  Laser  Communication  Subsystem  experimental 
program  is  the  demonstration  of  wideband  data  readout  (i.e.  ,  1  Gbit/sec)  capability 
from  the  STP  spacecraft  to  a  surface  terminal.  The  priority  of  the  other  experiments 
is  shown  in  Fable  2-2.  Implicit  within  each  experiment  demonstration  is  the  demon¬ 
stration  of  the  acquisition  and  tracking  function  of  section  2.2.4.  1. 
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Table  2-1 

SUPPORT  TO  BE  PROVIDED  BY  STP  SPACECRAFT 


Package  A1 

Package  B 

Experiment  Weight 

116  lb 

160  lb 

(100  lb  goal) 

(100  lb  goal) 

28  VDC  Power 

300  W 

100  w 

(140  W  goal) 

(50  W  goal) 

Telemetry  (1/4  —  1  SPS  on  all  signals) 

Analog 

90 

80 

Discrete 

50 

50 

16-Bit  Parallel 

10 

5 

Command 

Discrete 

10 

10 

10-Bit  Parallel 

35 

15 

Physical  Mounting 

See  Fig.  2-2 

See  Fig.  2-3 

Attitude  Control 

Attitude  Acceleration 

3<t  Attitude  Rate  Knowledge(a) 

3<r  Attitude  Knowledge 

S/C  Position  Data 

Altitude  Error 
Cross-Track  Error 
In-Track  Error 


s  0.01  rad/sec2 
±50°. /hr 

±0.2°  line-of-sight  erroi 


£  2  nmi 
£  2  nmi 
£  2  nmi 


Thermal  Constraints  —  Unobstructed  view  of  deep  space  by  cooling 

radiator  on  Package  A 


(a)  Superimposed  on  the  orbital  angular  rate. 
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Table  2-2 

EXPERIMENT  PRIORITIES 


Priority 

Level 

Demonstration 

Conditions 

Data  Type 

Section 

Reference 

1 

STP  to  Surface  Terminal 

1  Gbit /sec 

2.  2.  1.2 

■> 

Surface  Terminal  to  STP 

Command  &  Tracking 

2.  2. 4. 4 

3 

STP  to  Surface  Terminal 

Same  as  No.  1  plus 
multiplexed  digital  and 
analog  data,  including 
telemetry 

2. 2. 4. 3 

4 

STP  to  Aircraft  Terminal 

1  Gbit/sec 

2.  2. 4. 2 

3 

Aircraft  Terminal  to  STP 
STP  to  Aircraft 

Command  &  Tracking 

2.2. 4.4 
2. 2. 4. 3 

6 

Aircraft  User  to  STP 

1  Gbit/sec 

2. 2. 4. 2 

7 

Aircraft  User  or  Another 
Spacecraft  to  STP  and  Re¬ 
layed  to  Surface 

1  Gbit/sec 

2. 2. 4. 2 

8 

Ground  User  to  STP 

1  Gbit/sec 

2. 2. 4. 2 

Priorities  have  been  assigned  with  the  following  understandings: 

•  The  most  important  task  is  to  demonstrate  transmission  of  1  Gbit/sec  data 
from  a  synchronous  satellite  to  ground.  If  needed  for  initial  demonstrations, 
rf  links  can  be  employed  to  assist  in  the  command  and  control  of  the  sub¬ 
system,  although  the  next  priority  is  also  high. 

•  Completing  low-bandwidth  communication  up-link  from  the  ground  to  the 
satellite  would  be  the  next  step,  providing  command  and  control  over  an 
optical  link  from  the  ground. 

•  The  addition  of  multiplexed  data  and  telemetry  to  the  high-rate  data  from 
the  satellite  would  be  the  next  step  and  would  complete  a  two-way  link 
representative  of  all  basic  links  in  the  ultimate  system. 

•  Going  through  the  same  steps  as  above  with  a  high-flying  aircraft  for  the 
command  terminal  would  be  the  naxt  most  important  steps. 

•  Finally  would  come  the  demonstration  involving  a  user  satellite,  the  STP 
relay,  and  the  ground  terminal.  Tnis  last  step  could  move  up  in  priority, 
depending  on  availability  and  cost. 
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2.2.4  Communications  Experiment  Data 


The  communications  experiments  shall  be  designed  to  provide  as  close  a  parallel  to 
the  postulated  operational  data  requirements  as  possible  without  entailing  undue 
development  costs,  schedule  delays,  or  risks. 

2.2.4.  1  Acquisition  and  Tracking 

The  acquisition  and  tracking  functions  must  be  initiated  under  various  background  con¬ 
ditions  in  no  more  than  20  sec.  An  additional  10  sec  may  be  used  to  optimize  the 
pointing  prior  to  initiation  of  communications  over  the  wideband  link. 

2. 2. 4.  2  Wideband  Digital  Data 

The  wideband  digital  data  requirement  is  for  a  single  1-Gbit/sec  (nominally)  data  link 
with  the  data  quality  specified  by  a  BER  of  =10  in  accordance  with  the  experiment 
priorities  of  section  2.2.3. 

2 . 2 . 4 . 3  Wideband  Analog  Data 

The  wideband  analog  data  capability  shall  be  demonstrated  by  frequency  division 
multiplexing  parallel  rf  subcarriers  modulated  by  digital  and/or  analog  signals  over 
a  continuous  1-GHz  of  rf  bandwidth.  Analog  data  may  also  be  transformed  by  an 
analog-to-digital  (A/D)  converter  and  transformed  back  to  analog  after  transmission. 
Such  equipment  will  be  peripheral  to  the  main  experimental  hardware.  Actual  or 
simulated  digital  telemetry  data  at  a  maximum  rate  of  50  kbit/sec  shall  be  included 
over  the  wideband  links.  These  data  shall  be  applied  as  shown  in  Table  2-2. 

2. 2. 4. 4  Command  and  Tracking  Data 

The  capability  of  providing  a  minimum  digital  command  rate  of  20  kbit/sec  with  a  BER 

_  g 

of  2  10  is  required;  the  capability  of  collecting  range  tracking  data  of  the  accuracy 
specified  in  section  2. 1.4.2  is  required.  Both  command  and  tracking  data  functions 
shall  be  exercised  in  accordance  with  the  priorities  shown  in  Table  2-2. 
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Section  3 

Fb  NOT  IONA  L  RKCJU  lit  F  ME  NTS 


The  following  functional  requirements  associated  with  the  Laser  Communication 
Subsystem  were  derived  from  the  postulated  system  requirements  defined  in 
Section  2. 

3.  1  SPATIAL  COVERAGE 

The  required  view  angles  necessary  for  the  initial  mutual  acquisition  of  all  elements 
of  the  system  are  listed  in  Table  3-1.  These  angles  are  based  on  the  geometric 
properties  of  individual  acquisition  situations  in  accordance  with  previous  definitions 
of  users  and  terminals. 

3.2  SYSTEM  ELEMENT  CAPABILITIES 

The  required  functional  capabilities  of  each  system  element  (users,  relays  and 
receiving  terminals)  are  set  forth  in  the  following  paragraphs. 

3.2.1  User  Capabilities 

The  generalised  user  data  readout  channel  (or  wideband  data  channel),  for  example, 
at  a  near  relay,  will  include  the  capability  to  handle  simultaneously  multiple  user 
data  together  with  individual  telemetry'  signals  from  each  user  and  a  common  range 
measurement  data  signal.  The  terminal  command  control  channel  will  include  the 
capability  to  provide  a  command  signal  integrated  with  a  range  measurement  signal 
that  can  be  addressed  to  a  specific  user  at  any  time.  Therefore,  the  functional 
capabilities  required  by  a  user  to  function  with  the  relay  system  are  a  wideband  data 
transmitter  and  a  narrowband  receiver.  These  elements  are  to  be  combined  as  a 
single  unit  called  Package  A,  as  shown  in  Fig.  3-1.  In  addition,  this  package  must 
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have  the  ability  to  point  the  required  optical  antennas  (telescopes)  in  the  proper  direc¬ 
tion  for  communications  link  acquisition.  After  signal  acquisition,  appropriate  auto¬ 
tracking  and  point-ahead  capabilities  must  be  included  in  the  designs. 


Fig.  3-1  Package  A  Simplified  Functional  Diagram 
3.2.2  Relay  Capabilities 

The  functional  capabilities  required  on  the  synchronous  relay  satellite  to  communicate 
with  a  user  are  a  wideband  data  receiver  and  a  narrowband  data  transmitter,  which 
are  to  be  combined  as  a  single  unit  called  Package  B.  The  required  functional  capa¬ 
bility  is  shown  in  Fig.  3-2. 

The  relay  satellite  must  also  have  the  capability  to  transfer  user  data  to  either  a 
second  relay  satellite  or  a  receiving  terminal.  This  data  transfer  shall  be  accomplished 
by  the  addition  of  a  Package  A  to  the  relay.  Two  additional  Package  B's  must  be 
introduced  into  the  relay  to  meet  the  minimum  system  support  requirements  defined 
in  Section  2.  Each  Package  A  and  B  on  the  relay  must  have  the  ability  to  point  the 
required  optical  antennas  (telescopes)  in  the  proper  direction  for  communications 
link  acquisition.  After  signal  acquisition,  appropriate  auto- tracking  and  point-ahead 
capabilities  must  be  included  in  the  designs.  An  additional  Package  A  on  the  relay 
will  not  only  provide  redundancy  but  will  also  enable  simultaneous  transmission  to  two 
ground  stations  which  will  assist  in  station  switching  in  case  of  intermittent  cloud  cover. 
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Fig.  3-2  Package  B  Simplified  Functional  Diagram 

3.2.3  Receiving  Terminal 

The  receiving  terminal  (surface  or  aircraft)  must  have  the  functional  capability  to 
receive  and  track  the  wideband  data  channel  from  a  relay  satellite  as  well  as  trans¬ 
mitting  narrowband  command  and  tracking  signals  to  individually  addressed  relays  or 
users  via  the  relays.  This  capability  shall  be  provided  by  the  use  of  a  modified  B 
package.  The  capability  to  separate  and  process  user  data  and  telemetry  signals 
(from  users  and  relays)  contained  on  the  wideband  channel  is  required.  The  ability 
to  format  commands  and  generate  range  tracking  signals  must  also  be  provided. 
Command  format  shall  be  compatible,  through  an  interface  unit,  with  standard  Air 
Force  SGLS  system  requirements. 

3 . 3  OPERATIONAL  SYSTEM  CAPABILITIES  EXPECTED  WITH  SUBCARRIER 
MODULATION  OF  LASER 

The  capabilities  resulting  from  the  integration  of  multiple  users  into  a  two-hop  relay 
system  shall  be  as  shown  in  Fig.  3-3.  The  wideband  channel  data  from  multiple  users 
shall  be  combined  using  both  quadriphase  shift  keying  and  frequency  division  multi¬ 
plex  techniques,  and  the  composite  signal  used  to  modulate  the  laser  transmitter. 
These  data  consist  of  independent  user  mission  data  in  analog  or  digital  form  and 
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continuous  digital  telemetry  from  each  user  as  well  as  the  relay  satellites.  The  com¬ 
posite  modulating  signal  spectrum  could  appear  as  shown  in  the  examples  of  Fig.  3-4. 
In  this  figure,  the  first  spectrum  (a)  represents  the  complete  signal  from  a  single- 
user,  while  in  (b)  the  telemetry  subcarrier  from  the  relay  has  been  added  prior  to 
transmission  to  a  second  relay  or  receiving  station.  Spectrum  (b)  can  also  repre¬ 
sent  two  users,  each  having  2  500  Mbit/sec  data  rate,  or  more  than  two  users  with 
digital  time  division  multiplexing  up  to  500  Mbit/sec  in  each  channel.  In  Fig.  3-4(c), 
the  composite  spectrum  represents  digital  data  at  a  600  Mbit/sec  rate  from  one  user, 
200  Mbit/sec  from  a  second  user,  50  kbit/sec  telemetry  signals  from  the  two  users  as 
well  as  from  both  far  and  near  relay  satellites,  and  the  single  addressable  return 
ranging  signal. 

Referring  to  Fig.  3-3,  the  narrowband  channel  must  also  serve  as  the  optical  beacon 
to  aid  in  the  initial  optical  beam  acquisition  process.  After  completion  of  the  acqui¬ 
sition  sequence,  this  beacon  becomes  the  command/tracking  data  link.  A  single 
command  data  link  is  required  between  each  cooperating  pair  of  elements  of  the 
system.  Commanding  of  a  specific  user  or  relay  shall  be  accomplished  by  the  use  of 
a  unique  destination  address  for  each  command  recipient.  Suitable  ranging  signals 
shall  be  impressed  upon  the  narrowband  command  channel,  on  a  noninterference 
basis,  for  use  in  a  turnaround  ranging  mode.  The  desired  turnaround  point  (i.e.  , 
the  satellite  to  be  tracked)  shall  be  selectable  by  command  from  the  receiving 
terminal. 

3.4  EXPERIMENTAL  PROGRAM  CAPABILITIES 

The  required  capabilities  of  the  operational  system  that  shall  be  demonstrated  in  the 
STP  Experimental  Program  are  shown  in  Fig.  3-5.  A  simulated  system  user  with  the 
Package  A  capability  for  transferring  wideband  data,  receiving  commands  ,  returning 
ranging  signals,  and  providing  telemetry  shall  be  provided.  This  user  capability 
shall  be  applied  in  the  experimental  program  in  accordance  with  the  priorities  defined 
in  section  3.2.3  and  therefore  must  be  compatible  in  design  and  environmentally  with 
the  intended  applications. 
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POWER  DENSTY 


Fig.  3-3  Functional  Block  Diagram  of  Operational  System 


Fig.  3-4  Typical  RF  Spectra  at  Optical  Modulator  Input  for  Various 
Data  Combinations 
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Fig.  3-5  Functional  Block  Diagram  of  STP  Experimental  Program 


The  STP  spacecraft  simulating  a  relay  satellite  shall  provide  the  capability  to  forward 
wideband  data  (analog  and/or  digital)  received  from  the  simulated  system  user  as  well 
as  supplying  additional  digital  data  representative  of  a  second  system  user.  This 
capability  provides  greater  test  flexibility,  more  rigorous  testing,  and  improved 
reliability.  The  STP  Laser  Communication  Subsystem  shall  also  provide  a  command 
channel  through  to  the  user  and  a  command  interface  with  the  spacecraft.  The  eom- 
mandable  capability  to  turn  around  range  signals  and  multiplex  spacecraft  data  shall 
be  provided.  The  Package  A  view  angles  from  the  spacecraft  shall  provide  at  least 
earth  coverage,  but  Package  B  must  have  the  capability  to  view'  either  the  earth  or  an 
experimental  synchronous  spacecraft  user,  if  available.  It  may  be  desirable  for 
Package  A  also  to  have  the  capability  of  pointing  to  an  experimental  synchronous 
satellite. 
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The  receiving  terminal  capability  shall  be  compatible  with  either  ground  or  aircraft 
deployment  options,  as  required  by  the  priority  liBtlng  of  section  2,2.3.  The  sys¬ 
tem  performance  evaluations  shall  be  performed  at  the  ground  installation;  the  extent 
of  aircraft  data  processing  required  is  to  be  determined.  The  ground  and  aircraft 
system  may  have  different  antenna  systems  than  either  Package  A  or  Package  B, 
but  their  communication  systems  must  be  compatible. 
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Section  4 

DESIGN  REQUIREMENTS 


The  requirements  presented  in  this  section  were  derived  by  the  translation  of  func¬ 
tional  requirements  into  practical  equipment  design  concepts  that  can  be  evaluated 
by  an  STP  Experimental  Program.  The  resulting  design  requirements  have  beer, 
segregated  into  groups  that  apply  to  either  Package  A  or  Package  B  designs  and  into 
a  general  category  that  pertains  to  both  package  designs. 

4.1  GENERAL 


The  following  design  requirements  apply  to  ail  aspects  of  design  for  a  Laser  Commu- 
Subsystem  whose  performance  capabilities  will  be  space-flight  validated: 


nication 

•  Laser  Source: 

•  Acquisition  Time: 

•  Pointing  Optimization  Time: 

•  Optical  Beamwidth: 

•  Pointing  Accuracy: 

•  Maximum  Tracking  Rate: 

•  Maximum  Point- Ahead  Angle: 

•  Operating  Life: 

•  Operating  Voltage: 

•  Thermal  Control: 

•  Environmental  Qualification: 


•  Maintainability  Level: 

•  Vulnerability  Level: 

•  Data  Handling: 


Nd:  YAG 
S  20  sec 
S  10  sec 
1  arcsec 

±0.1  beamwidth  (ler) 

2000  prad/sec  (approx.) 

81  prad 

7 -year  design  life 

5-year  minimum  acceptable  life 

28  ±  5  VDC 

Conduction  cooling  from  components 
via  space  radiators 

(a)  Compatible  with  Titan  IIIC  launch 

(b)  Survivable  in  radiation  environment 
per  SAMSO  Exhibit  69-13  and  NASA 
SP  3024 

(c)  EMI  compatibility  with  MIL-STD-461A 
To  be  determined 

To  be  determined 
To  be  determined 
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4.2  PACKAGE  A 

The  following  requirements  apply  only  to  the 

•  Wideband  Transmit  Wavelength: 

•  Narrowband  Receive  Wavelength: 


Package  A  design: 

0.  53  pm 

1.  06-pm  Acquisition 
0. 63-pm  Fine  Tracking 

CW 


•  Laser  Operational  Mode: 

(Wideband) 

•  Telescope  Size: 

•  Line-of- Sight  Scan  Angles: 

•  User  Data  Characteristics: 

•  User  Data  Rate/Bandwidth: 

•  User  Data  Interface: 

•  User  Data  Accuracy /Quality: 

•  Telemetry  Data  Characteristics: 

•  Telemetry  Data  Rate : 

•  Telemetry  Data  Accuracy: 

•  DC  Power  Input: 

•  Package  Weight: 

•  Package  Volume: 

*±110°  IP/±12°  CP  for  LOS. 

4.  3  PACKAGE  B 


6  in.  diameter 
±90° IP/±  12°  CP* 

Digital,  single  or  multiple  channel, 
synchronous,  asynchronous  or  analog 

Digital,  1  Gbit/sec 
Analog,  1  GHz 

To  be  determined 

Digital, BER  S  10~6 
Analog,  S/N  £  35  dB 

Digital,  dual  channel 

50  kbit/sec  (maximum) 

BER  S  10" 5 

140  W  (Design  goal) 

100  lb  (Design  goal) 

3 

1  ft  (typ. )  (excluding  telescope 
antenna) (Design  goal) 


The  following  requirements  apply  only  to  the  Package  B  design: 

•  Transmit  and  Receive  Wavelengths:  o,53  pm 

•  Laser  Operational  Mode  1.06-pm  Acquisition  beacon 

(Beac on/Narr owband) :  0.63-pm  Fine  tracking  beacon 

•  Telescope  Size:  2  ft  diameter  (maximum) 


A-22 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

■OCKMCID  MISSILES  1  SPACE  COMPANY 

A  r.  I  O  u  >  DIVISION  Of  lOClHlfO  i  i  I  C  »  a  M  CO.POt  A’.ON 


LMSC-B290200-  III 


•  Line-of-Sight  Scan  Angles: 

•  Command  Data  Characteristics: 

•  Command  Rate: 

•  Command  Data  Accuracy: 

•  Ranging  Technique: 


•  DC  Power  Input: 

•  Package  Weight: 

•  Package  Volume: 


±90°  IP*  and  ±  12”  CP 
Digital  signal,  addressable 
^  20  kbit/sec 
BER  £  10'C 

Compatible  with  command/beacon 
implementation 

50  W  (Design  goal) 

100  lb  (Design  goal) 

1  ft^  (excluding  telescope  antenna) 
(Design  goal) 


*See  section  3.  1  for  definitions. 
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POISSON  NOISE  AND  ERROR  PROBABILITY 
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USING  BI- PHASE  MODULATED  SUBCARRIERS 

by 
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I.  I'.t.roduoT.iu.. 

An  optical  communication  system  employing  subcarrier  bi-phuse  modula¬ 
tion  is  currently  under  consideration.*  It  is  the-  purpose  of  tills  note 
to  set  a  bound  on  the  error  rate  in  this  mod>'  i  uperati  n.  In  the 
simplest  system  of  this  kind  a  light  beam  i.  intensity  nodulated  at 
single  subearrier  frequency  <u  .  Tbe  signal,  i  duration  t ,  is  of  the 
form 

S  (t)  ■  A(l  ±  4  sin  mt)  (1) 


where  s(t)  is  the  Light  intensity,  4  the  modulation  index  and  the  +  cr 
-  sign  applies  depending  on  which  of  two  binary  signals  is  transmitted. 

Detection  is  performed  by  multiplying  the  receiver  photo-current  I(t) 
by  a  local  oscillator  signal  cf  the  form  sin  tut  and  integrating  the 
product  over  tbe  time  t.  The  resulting  parameter 

T 

G  =  j  l(t)sino)tdt  (2) 

o 

provides  a  criterion  for  deciding  which  signal  was  transmitted.  For 
G  >  0  one  puts  S  =  S+,  for  G  <  O,  S  =  S  . 

For  optimum  operation  it  is  desirable  for  hit  to  be  a  multiple  of 
and  we  shall  assume  this  to  be  tbe  case. 

Certain  more  complicated  variants  of  this  system  are  also  contem¬ 
plated.  One  procedure  consists  in  the  simultaneous  transmission  of  two 
perpendicularly  polarized  signals 


ana 


S-^  =  A(l  ±  p  sin  out) 


S 


2± 


(3a) 

(3t) 


A(l  +  4  sin  out.) 
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in  push-pull  relation.  This  mode  of  operation  is  more  efficient  in  the 

’  ‘t  •' 

use  of  power  since  the  total  beam  intensity.  +  S^.,  remains  constant 
throughout.  Detection  is  performed  separately  in  the  two  polarizations 

■  S  -  ■ 

and  thi4  two  photo  currents  are  subtracted  from  each  other.  The  result¬ 
ant  current  is  then  processed  as  in  the  s^mnle  system  by  determining  G 
in  accordance  with  Eq.  (?) . 

More  generally,  the  light  beam  can  be  made  to  accommodate  several  channels 

through  simultaneous  modulation  by  several  subcarrier  frequencies.  Since 
each  frequency  allows  for  two  channels  in  quadrature  the  typical  composite 
signal  is  of  the  form 

S  =  A(l  +  ^  (±  ui)sin  uijt  +  £  (±  u1)ccs  u^t)  (U) 

during  any  given  bit-interval  t.  Detection  is  performed  by  separately 
multiplying  the  receiver  photo-current  by  independent  local  oscillator 
signals  of  the  form  sin  <u  t,  and  ccs  Ui^t  and  integrating  over  t.  In 
analogy  to  (2)  one  obtains  a  set  of  parameters  G(uj^)  to  serve  as  estimators 
for  the  transmitted  digit  In  each  channel. 

In  any  cf  the  above  systems  detection  is  assumed  to  be  effected  by 
means  of  a  photo  emitter.  The  photodetector  current  is  a  sequence  of  dis¬ 
crete  electrons  with  generalized  Poisson  statistics^  Because  of  the 
binary  nature  of  the  decision  process  very  low  error  rates  are  accom¬ 
plished  at  signal  levels  corresponding  to  relatively  few  photo-electrons 
per  bit.  Under  these  conditions  a  calculation  of  the  error  probability 
based  on  the  assumption  of  an  additive  Gaussian  shot-noise  is  inaccurate. 

It  is  the  purpose  of  this  note  to  calculate  an  upper  bound  on  the  error 
based  on  a  direct  statistical  analysis  of  the  photo-electron  current. 


i 

* 

1 
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II.  Ph-ot.-  Current  Stui  btkj 

The  stcitisticuL  theory  .:f  phot  ■-elbctr  n  e  'anting  in  reviewed  in  u 
recent  article  by  Karp,  O'Neill  and  Gagliardf  which  include a  a  compre¬ 
hensive  Lint  !'  reference.’  .  i.  this  subject.  Fh  .tr  i-mi.:;-i  n  can  b-- 
described  in  terms  of  a  semi-classical  theory  u.:  n  Poisson  process  with 
a  rale  that  is  determined  by  the  intensity  a'  the  inc iili.-nt  rndiuti-.ii. 

Let  3(t)  represent  the  intensity  of  Light  incident  on  ph-t  cathode. 
Ti’.e  phot. .-emission  rate  is  given  by 


q(c-)  =  CS(t)  (y) 

where  C  is  a  constant.  The  emission  rate  a(t)  is  defined  as  the 
probability  density  that  an  electron  be  emitted  at  time  t  fi.e.,  a(t)dt 
is  the  probability  of  emission  during  the  interval  between  t  and  t.  +  dt': . 
By  introducing  a  variable 

T 

n(?)  =  j  a(t)dt  (6) 

o 

2 

the  process  described  by  (l)  can  be  represented  as  a  Poisson  process 
with  probability  distribution 


P  (n) 

n 


— n 

n 

n; 


e 


-n 


(7) 


Here  Pn(n)  is  the  probability  of  n  photo  emissions  during  the  inter¬ 
val  C  S  t  2  t,  and  n  represents  the  mean,  or  expected  value  of  n. 


III.  Modulation  by  Single  Subcanier 

The  signal  in  this  case  is  given  by  (l).  The  emission  rate  is 
according! y 

a(t)  =  or(l  ±  p  sin  (ut)  (b) 
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where  a  is  a  constant  representing  the  time  average  of  a.  The  current 
is  the  sum  of  discrete  pulses  associated  with  individual  photo  electrons. 

In  section  VII  we  show  that  provided  the  response  time  of  the  system  is 
short  compared  to  t  these  pulses  can  be  represented  as  a  series  of  Dirac 
delta  functions  of  the  form  5(t  -  t^)  where  the  t^  represent  the  emission 
t  ime  s .  Thus 

I(t)  =  E  6(t  -  t  )  (9) 

1  1 

and  the  detector  output,  in  accordance  with  (2)  is 

G  m.  2  sin  ujt,  .  (id) 

i  1 

G  is  a  random  variable  with  a  distribution  determined  by  the  distributions 
of  the  emission  times  t  . 

The  problem  of  determining  the  probability  of  an  error  in  the  received 
binary  digit  is  now  formulated  as  follows.  Assume  that  S+  is  the  trans¬ 
mitted  signal.  If  G  <  0  then  the  receiver  will  decide  that  S  =  S_  and 
therefore  be  in  error.  If  the  a  priori  probability  for  the  transmission 
of  S+  and  S  is  equal  then  the  probability  of  the  above  occurrence  equals 
the  bit  error  rate. 

Our  objective  is  therefore  to  determine 


PE  -  F0(0)  =  Frob  (G  <  0) 


(11) 


where  F  is  the  cumulative  distribution  function  of  G  for  a  Poisson  process 
0 

with  a  time  varying  rate 


a(t)  =  a  (l  +  m  sin  u>t) .  (12) 

The  solution  is  undertaken  in  two  steps.  Consider  the  interval  t.  Pn(E) , 
as  given  by  (7)  represents  the  probability  that  exactly  n  electrons  were 
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emitted  during  thin  interval.  Let  F_(c/n)  be  the-  conditional  cumulative 

(j 

distribution  function  for  0,  given  that  the  number  A'  emitted  electron:: 

It;  exactly  n.  Tlien  clearly 


and  represents  the  emission  time  of  a  particular  electron,  given  that 
that  electron  was  emitted  during  the  interval  0  §  t  £  t.  Since  in  e 
Poisson  process  individual  occurrences  (electron  emissions  in  the  present 
case)  are  independent,  the  emission  time  of  each  specific  electron  may 
be  regarded  as  a  random  variable  with  a  probability  density  f+^(t)  that 
is  proportional  to  the  emission  probability  a(t)  and  that  is  independent 
of  the  emission  times  of  the  other  electrons  in  the  interval,  it,  is  given  b 

f'ti('t)  *  7  (1  +  d  sin  U>  t)  (1?) 

where  the  proportionality  constant  was  determined  from  the  condition 

T 

J  =  1 

o 

under  the  assumption  that  <ut  is  a  multiple  of  2it. 
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From  (17)  it  follows  that  the  random  variable  is  characterized 
by  a  probability  density 


fui^ 


1  1  +  M  u 

*  Vl  -  U* 


-1  s  u  s  1. 


(10) 


Gn  is  therefore  the  sum  of  n  independent  identically  distributed  vari¬ 
ables  with  probability  density  (l8).  Exact  calculation  of  the  distri¬ 
bution  function  of  for  all  n  appears  prohibitively  complicated.  One 
can  however  readily  get  an  upper  bound  B(n)  for  the  value  of  F-(0/n) 

U 

which  we  require  in  Eq.  (l4).  This  is  provided  by  the  Cherncff-Bound^ 
which  is  particularly  suitable  for  problems  of  this  kind.  This  bound 
has  the  form 

B(n)  =  bn  (19) 

witn 

b  =  E[e‘Xu]  (20) 


where  E[  ]  stands  for  the  expectation.  In  the  present  case  the  parameter 
■4  is  obtained  by  solving  the  equation 

E[ueJ"U]  =  0.  (21) 

In  accordance  with  Eq.  (l8),  Eq.  (21)  assumes  the  explicit  form 


1 

c  -Xu 
I  ue 

-1 


1  +  MU 


n  Vl  -  u2 


du  =  -I  (X)  +  pi  (X)  +  Mt-(X)  =  0  (22) 

-L  \J>  C 


where  the  1^  are  modified  Bessel  functions.  Similarly,  Eq.  (20) 
becomes 


t(h)  ■*  j  e 

-1 


1  MU 

TT  >  1  -  U- 


du  =  I  (X)  -  mI-.  (X) . 


(23) 
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Eq.  (22)  had  been 
Substitution  into  (23) 
We  are  now  in  a  p 
tty  P  .  Since  F_,(0  n) 

p 

‘E 


solved  numerically  to  give  A.  as  a  function  of  p. 
then  yielded  b  as  a  function  of  p. 
osition  to  establish  a  bound  for  the  error  pr^bati.- 
is  bounded  by  B(n)  -  bn,  Eqo .  (U)  and  (()  yield 
®  — n  -  — r  ,1 

.  v>  n  -n  ,  n  -nl  ;  -  b  j 

t*  2_-  „  — t  e  b  =  e  (oO  i 


PR(db)  =  IQ  logiQ  ?E  <  -  10[(1  -  b)  l3gUje]n  (PLi) 

The  upper  bound  to  P  (db)  is  therefore  proportional  to  the  mean  number  n 
E 

of  electrons  emitted  during  the  bit  duration  T.  Through  its  dependence 
on  b  it  also  is  a  function  of  the  modulation  index  p.  In  Figure  1  the 

upper  bound  to  Pg(db)/n,  namely  -10(1  -  b)log^Qe,  is  plotted  against  p 

o 

and  in  Figure  2  against  p  .  The  latter  figure  demonstrates  an  approximate 

proportionality  between  the  variables.  This  is  to  be  expected,  p"  rep- 

2_ 

resents  the  power  associated  with  the  high-frequency  modulation  and  p  n 
can  therefore  be  regarded  as  representing  the  number  cf  electrons  specific¬ 
ally  associated  with  the  signal. 


TV.  Push-Pull  Operation 

In  this  mode  of  operation  two  complementary  signals  as  given  by  Eq.  (3) 
are  transmitted  using  two  perpendicular  linearly  polarized  components  of 
the  light  beam.  The  two  photo  currents  I^(t)  and  I0(t)  resulting  from 
independent  detection  of  the  two  polarizations  are  subtracted  from  each 
other  and  processed  in  the  same  manner  as  above  by  multiplication  with  a 
local  oscillator  signal  of  the  form  sin  out.  The  estimator  is  given  by 

j  - 

Ci  =  J  [I  (t)  -  Ip(t)]  sin  out  dt  ( 2c) 

§ 

3 

4 

I 
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MODULATION  INDEX  p. 


Fig.  1  Upper  Bound  to  Probability  of  Error  (in  decibels)  as  a 

Function  of  Modulation  Index  p.  The  term  n  is  the  mean 
number  of  photoelectrons  per  bit 
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For  discretely  emitted  electrons  this  yields,  in  analogy  to  (10) 

G  =  S  sin  in  t  -Esin  tut  (■:  () 

i  k  -K 

where  Is  a  photo-emission  time  in  the  first  detector,  and  t,  ^  In 
the  second  detector. 

The  analysis  proceeds  exuctly  along  the  lines  f-lluwed  in  Section 
III.  Assuming 


S_L  =  A(  1  +  sin  U)t) 

(2  3a) 

S..,  =  A(  1  -  sin  u)t) 

(23b) 

the  probability  of  error  equals  the  probability  that  G  <  0. 
In  analogy  tc  Eq,  (12)  one  has 


cr^t)  =  d(l  +4  sir.  uit) 

(29a) 

a2(t)  =  5(1  -  4  sin  uit) 

(29a) 

where  a ^  and  q5  are  the  emission  rates  in  the  first  and  second,  detectors  , 
respectively, and  ci  is  the  time  averaged  emission  rate  in  either 
detector. 

As  in  Eq.  (l6)  one  defines  random  variables 

uli  =  sin  tn  u2k  =  -  sin  t2k  <30) 

The  probability  densities  for  u.^  and  u  ^  are  easily  calculated.  They 
are  Identical  to  each  other  and  are  again  given  by  Eq.  (lS).  One  can 
therefore  discard  the  subscripts  1  and  2  and  write  G  in  the  form 

G  = 

as  the  sum  of  independent  identically  distributed  variables.  This  equa¬ 
tion  is  identical  with  Eq.  (15)  and  the  distribution  function  for  G  is 
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therefore  unchanged.  Note  however,  that  summstti  r.  is  ver  a  i  1  e  =.  outruns 
emitted  fr.  m  both  cathodes. 

One  may  therefore  conclude  that  the  error  estimate  fur  the  slngle 
detector  applies  to  tne  push-pull  system,  with  the  provision  that  n  in 

Eqr .  (it)  and  (d'5)  and  ir.  Figs.  1  and  refers  L  -  the  t  tn  L  moor,  c-miu- 
s ion  rate  of  the  two  detectors . 


V.  Multichannel  Operation 

The  results  of  Section  3  are  easily  generalized  t.  the  case  where 
several  hi -phase  signals  with  different  microwave  subcarrier  frequencies 
are  simultaneously  transmitted  on  a  single  light  beam.  At  each  micro¬ 
wave  frequency  it  is  possible  ts  transmit  two  charnels  with  phase  in 
quadrature.  The  resulting  signal  can  therefore  be  represented  in  the 
form 

S  =  A  1  +  D(±  p.  sin  tu  .t  ±  p.  ecs  m  .t)  1 , 

i  i  l  l  i  . 

assuming  that  two  channels  with  waveforms  sin  u .t  ana  ccs  u^t,  respec¬ 
tively,  are  transmitted  at  each  frequency. 

In  order  to  avoid  cross-talk,  the  bit  interval  7  is  chosen  sc  that 
oiTis  a  multiple  of  27T  for  all  .  Without  loss  of  generality  we  assume 
that  during  the  particular  bit-interval  under  consideration  the  trans¬ 
mitted  signal  has  +  signs  for  all  channels  in  the  above  equation.  In 
that  case 

a(t)  =  a  [i  +S(ui  sintiKt  +  cos  u^t)  ]  (31) 

We  follow  the  same  procedure  as  before,  and  concentrate  or,  the 
coherent  detection  of  the  signal  at  a  particular  subcarrier  frequency, 
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say  cu  .  As  in  Eq.  (16)  wo  define 

u,  =  sin  id  t 
1  o  1 

and  employ 

G=I)u1  (ill 

ats  estimator  for  the  sin  m  t  channel.  It  is  e-usily  shewn  that  under 
the  assumption  uij*  »  :'ir  where  is  an  integer,  the  presence  cf 
signals  in  ether  channels  has  no  effect  on  the  distribution  function  nf 
u. •  As  in  the  case  of  the  single  channel  it  is  given  simply  by  ( 18) . 

The  distribution  function  for  G  remains,  similarly,  unchanged. 

Eqs.  (24)  and  (25)  therefore  again  provide  estimates  for  the  error 
probability.  In  applying  these  equations  and  in  using  Figs.  I  and  2, 
one  should  substitute  p^  or  p^,  respectively, for  p  and  interpret  n  as 
the  mean  total  number  of  electrons  emitted  from  the  photocathode  during 
the  interval  t . 

VI.  The  Effect  of  Background  Radiation 

An  accurate  evaluation  of  the  contribution  of  background  radiation 
to  the  probability  of  error  is  in  general  quite  difficult.  In  practice, 
a  simplified  treatment  cf  this  effect  which  ignores  the  incoherent 
nature  of  the  radiation  is  under  most  normal  conditions  not  far  off 
the  mark. 

In  the  semi-classical  model^  the  background  radiation  after  pass- 
irig  though  appropriate  optical  filters  can  be  viewed  as  narrow  band 
Gaussian  noise  whose  instantaneous  intensity  determines  the  emission 
rate  from  the  photo-cathode.  The  distribution  of  photoelectrons  is 
governed  by  Bose  Einstein  Statistics  rather  than  the  Poisson  statistics 
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characteristic  of  coherent  radiation.  However,  under  aini.-c'.  u  1  i 
Hbic  practical  c iivumstunees  the  regime  of  operations  in  -re  where  the 
Poisson  distribution  represents  an  excellent  appr-  xi!iaiti--n.  crudely 
stated,  the  random  character  of  the  backgr  ound  radiation  i:  a  min  r  source 
of  noise  compared  with  the  shot  noise  associated  with  the  increased  pi:  o:  - 
electron  current  due  to  this  radiation.  One  may  there!' ..'re  treat  the  back¬ 
ground  radiation  as  if  it  were  of  constant  intensity.  In  this  approxi¬ 
mation  the  intensity  of  the  incident  radiation  in  the  case  of  singic-- 
channe 1  operation  is  represented  by 


S±(t)  =  B  +  A(1  ±  p  sin  ijjt  )  (33) 

where  B  is  the  background  intensity.  By  defining  an  effective  modulation 
index 


A  , 

Meff  “  A  +  B  ^ 


(34) 


one  car.  rewrite  this  equation  in  the  form 

s±(t)  *  (B  +  A)  (l  ±  heffsin  (Ut) .  (35) 

From  here  cr.,  the  treatment  is  identical  to  that  followed  in 
Section  III.  In  the  results,  as  summarized  in  Eqs .  (2k)  and  (25)  and  in 
Figs.  1  and  2,  p  must  be  substituted  for  p,  and  n  represents  the  time 
average  of  the  total  number  of  emitted  photo-electrons . 

An  identical  procedure  applies  to  multichannel  operation. 


VII.  The  Effect  of  a  Finite  Response  Time 

A  move  accurate  representation  of  the  photo  current  than  that  giver, 
hy  Eq.  (9)  is 

1(b)  =  £  h(t  -  ti)  (36) 
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where  h(t)  id  the  impulse-response  function  of  the  system.  The  accurate 
expression  for  C,  is  accordingly 

T 

0  =  Y  j  h(t  -  t^)  sin  ujtdt  =  S  (3?) 

with  oummati  n  restricted  to  t^  within  the  interval. 

If  the  response  time  is  short  compared  to  t  and  if  is  net  near 
t.he  interval  boundaries  then  one  may  assume  that  h(t  -  t^)  is  effectively 
zero-  outside  the  interval.  In  that  case 

gi  =  j  h^t  '  t1)3ln  wtdt  2  (38) 

CO 

j  h(t  -  t .  )  sin  uitdt. 


can  be  represented  in  terms  cf  the  transfer  function  H(w)>  where 

oc 

H(<u)  =  J  h(t)e  iuJtdt. 

_CO 

Putting  H(»)  in  polar  form, 

H(u>)  =  R  el6 

one  easily  obtains 

gi  S  R  sin((i)ti  -  e) 

and  hence 

GS  FE  sin(<ut  -  9);  0  §  t  5  7  (39) 

This  expression  differs  from  Sq.  (10)  only  in  the  proportionality  factor 
R  and  the  constant  phase  delay  6.  The  delay  is  easily  compensated  for 
electronically,  and  the  proportionality  factor  does  not  effect  the  sign 
of  G.  The  substitution  of  6(t  -  t^)  for  h(t  -  t^)  is  therefore  legitimate 
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in  ttiis  approximation. 

In  :u;  King  '-ho  «ppr..-xin»ti>>r.  incorporated  in  Eq.  one  in  effect 

neglects  the  tail  of  the  impa Ise-resp..Ti:3e  function  !,(  L  -  t  )  extending 
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queue y.  In  fact,  h(t)  may  extend  over  several  cycler,  of  the  m:>du-utifig 

signal.  Although  this  will  cause  a  reduction  in  the  ..ucput  signal  it  in 
n  way  affects  the  statistical  properties  involved  in  the  dec'  ,.n  price-.;.;. 


VIII.  Calculation  of  Error  Probability  by  "Tilted-Probnbillty"  Method 

The  principal  advantage  of  the  Chernoff -Bound  is  that  it  provide;  a 
sense  of  certitude  by  setting  an  absolute  upper  bound  to  the  probability  of 
error.  A  more  realistic  value  for  the  error  rate  is  provided  by'  an  approxi¬ 
mation  technique  widely  used  in  Information  and  in  Coding-Theory  vnich 
employs  so-called  tilted  probabilities.  The  values  predicted  by  this  melt,  .a 
lie  in  ny  cases  substantially  below  the  Chernoff -Board. 

Recall  that  the  Chernoff-Bound  was  introduced  in  the  course  of  evalua¬ 
ting  the  cumulative  distribution  function  (c.a.f.)  F^CO/n)  of  the  random 

variable  G  .  According  to  Ea .  G  is  given  by 

n  '  n 

n 

G  —  '  u . 

i=l  i 

and  is  thus  the  sum  of  n  independent,  identically  distributed  random  vari¬ 
ables  u^.  In  evaluating  the  distribution  function  of  such  a  sum,  one  is 
tempted  to  invoke  the  central  limit  theorem  (CLT),  but  such  a  procedure  is 
not  valid  if  applied  in  a  straightforward  manner.  The  CLT  is  useful  at 
points  that  are  within  a  standard  deviation  or  so  f;  uhe  mean  of  the  dis¬ 
tribution,  and  this  standard  deviation  varies  roughly  as  the  square  root  of 
n.  On  the  other  hand,  since  the  mean  of  G  is  given  by  . 
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E(Gn)  -  nE(u)  (W») 

The  point  *  0  recedes  farther  from  the  center  of  the  distribution  in 
direct  proportion  to  n  itself,  and,  therefore,  in  the  limit  of  large  n,  lies 
outside  the  range  of  applicability  of  the  CLT.  In  the  present  case,  con¬ 
vergence  to  the  central  limit  merely  implies  the  obvious  fact  that  1' 

u 

goes  to  zero  as  n 

This  difficulty  is  circumvented  if  one  addresses  oneself  to  a  set  of 
modified  random  variables  that  are  tailored  so  as  to  optimize  the  applica¬ 
tion  of  the  CLT. 

Let  fu(u)  represent  the  probability  density  function  (p.d.f.)  of  u. 
Define  a  new  set  of  variables  u(\),  characterized  by  a  parameter  X,  such 
that  the  p.d.f,  of  u(\)  is 


fu(X)(x) 


M(X)f  (x)e-  Xx 
u 


(41) 


where  M(X)  is  determined  from  the  condition  that  the  integral  over  a  p.d.f. 
equals  one,  and  is  therefore  given  by 

M(x)  =  U.  Eu[e‘Xu]  (42) 

Multiplication  of  f^(x)  by  e  Xx  (for  X  >  0)  has  the  effect  of  accentuating 
the  probability  for  small  values  of  x  while  lowering  that  of  high  values. 
One  therefore  refers  to  (x)  a  "tilted-probability"  function.  The 

purpose  of  the  tilting  is  to  create  a  new  variable  u(X)  whose  mean  equals 
zero,  and  ir.  turn,  a  new  sum 

G(X)  =  £  uA(X)  (43) 


whose  mean  is  also  zero.  We  may  now  legitimately  apply  the  CLT  to  these 
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new  "tilted"  variables. 

In  -rder  for  u(X)  to  hitvc  aero  mean,  \  i.;  clrOL-n  to  satisfy 


i[u(X)]  -  e"M^  jue'^uf  (u)c'iu  =  0  . 


Wo  i-hali.  assume  in  •ill  subsequent  discuss,  i  r.  that  >.  snti.;!’!/-;;  Eq.  ( b«) . 

The  usefulness  of  the  approach  rests  on  the  fact  that  the  new  variable 

Cr(S'  defined  in  Eq.  (43)  is  itself  a  tilted  variable-  derived  fruri  C  .  In 

fact,  let  f  (x)  represent  the  p.d.f -  of  G  and  let  f  \(x)  represent  the 
G  n  G  ^  a  ) 

p.d.f.  of  G(\)  .  Then  it  is  readily  proved  by  complete  induction  that 


fG(\)(x)  "  fG(x)e 


-Xx  -  nM(X) 


Therefore,  conversely 


and  hence,  finally, 


fG(x)  =  fG(\)(x)e 


\x  +  nM(X) 


Fc(0/n)  «  J  fQ(x)dx  =  enM^ )  XxfG^  ^(x)dx 


(t?) 


In  order  to  realize  what  has  been  gained  by  the  transformation  to  tilted 
variables,  one  should  note  two  points:  First,  the  presence  of  the  factor 
e  X  means  that  the  integral  on  the  right  of  Eq.  (47)  depends  essentially 
only  on  the  value  of  the  integrand  near  x  =  0  (since  integration  is  ever 
the  domain  x  §  0) .  Second,  since  G(\)  is  a  zero-mean  variable,  ana  the  sum 
of  independent  zero-mean  variables,  our  problem  is  now  one  of  evaluating 
the  p.d.f.  of  a  function  in  the  neighborhood  of  its  mean,  rather  than  on  the 
outskirts  of  the  distr ibution  as  in  the  case  of  Gn-  This  is  exactly  the 
optimum  regime  for  the  application  of  the  CLT.  We  therefore  proceed  to 
replace  G(\)  by  a  zero-mean  normally  distributed  variable  with  variance 
equal  to  the  variance  of  G(X). 
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Before  proceeding  we  must  digress  t-.  calculate  the  variance  of  u(X). 
Since  E[u(X)]  =  0,  the  variance  is  given  by 

0^  -  Var[u(X ) ]  =  E[(u(X))2]  (US) 

=  e"M(^ )  }  uVXuf  (u)au 

Since  d(X)  is  the  sum  of  n  independent  variables  u^. 


09) 

(50) 


Substitution  of  Eq.  (50)  into  Eq.  (V7)  results,  after  some  manipulation, 
in  the  equation 

Fq(o| n)  *  ehM(X)  +  i  X2no2  erfc#(Xat/n)  (51) 

Where 

erfc#(x)  =  j  e'^y'2^dy  (52) 

*V  2ir  x 

In  the  regime  of  interest,  the  argument  of  the  error  function  erfc#(x)  is 
reasonably  large.  Relying  on  the  inequality 


=  (1  -  -4r)  e"^x  /2’)  <  erfc  (x)  <  — 7: 


■(xC/2) 


x\2rr 


We  can  simplify  Eq.  (51)  hy  replacing  erfc  (x)  by  its  upper  bound.  Equation 
(53)  indicates  that  erfc#(x)  differs  from  this  bound  by  no  more  than  a 
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f -ic ? -  i"  x*  ,  which  becomes  negligible  for  large  x.  The  substitution  r-n.ui  1.: 

is: 

r.M(X) 

F;(0|ii)  =  - —  (5;<) 

Xo'^  it i. 

Ch  mp:iri:t:n  of  Eq.  (!,;')  with  Kq.  ( .  0 )  revoalu  that 


M(X )  =  in.  b 


and  hence 


Fq  -  (0| 


n)  = 


Xa'/. 


Urn 


(y/) 


The  expression  on  the  right  thus  consist?  of  the  Chernoff -bound  fc,  multi¬ 
plied  by  a  coefficient  1/ (Xa'/Qrrn) .  As  this  coefficient  may  be  quite  small 
for  large  n,  the  error  rate  predicted  by  Eq.  (55)  may  full  considerably 
below  the  Chernoff -bound. 

The  procedure  for  evaluating  Eq.  (55)  can  be  summarized  as  fellows: 
(l)  In  accordance  with  Eq.  (41),  one  must  evaluate  the  integral 


1 

r 

-1 


ue*^uf  (u)du 
u 


'Sr’' 


as  a  function  of  X  and  determine  the  value  of  X  which  will  cause 
the  function  tc  equal  zero. 

(2)  Using  this  value  of  X,  determine 


b 


1 


e  ^Uf  (u)au 
uN 


and 


2 

o 


2  -Xu 
u  e 


fu(u)du 


(55) 
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(3)  Substitute  X,  b,  and  O  into  Eq.  (55)- 

Having  calculated  F^(0|n)  ye  can  now  use  Eq.  (14)  to  calculate  the 
error-rate  P  .  Substitution  of  Eq.  (55)  and  (7)  into  Eq.  (14) 

XL 

gives 

PE  ■  S  FG(0)(n)  £-4 r~  (59) 

-n  ,  ,r. 

.  — £ -  £  l2-k L 

Xo  l/iff  n !  n 

A  fev  words  need  to  be  said  concerning  the  sum  in  Eq.  (59).  For  low 

values  of  n,  Eq.  (54)  represents  a  poor  approximation.  On  the  other  hand, 

in  the  regime  of  interest,  where  n  «=  50  to  100,  the  coefficients  of  FG(0|n) 

in  Eq.  (59)  are  negligibly  snail  for  n  «  n,  so  that  the  corresponding  terms 

in  any  case  make  an  insignificant  contribution  to  the  sum.  In  particular, 
fcr  n  =  0,  the  coefficient  of  i?G(o|o)  is  e~n,  which  represents  an  exceed¬ 
ingly  small  number.  We  may  therefore  simply  leave  out  the  first  term  and 
sum  over  n  from  1  to  <=. 

In  order  to  evaluate  the  sum,  we  introduce  the  function 

cp(x)  =  e  Xo/x  £  — -  .  (60) 

n=1  nl-^n 

From  the  fact  that 


one  might  be  inclined  to  suspect  that  cp(x)  ~  1,  especially  for  large  x. 
Numerical  computation  shows  that  cp(x)  indeed  converges  to  1  with  amazing 
rapidity;  it  assumes  a  value  of  1.08  for  x  =  5,  1.01  for  x  =  40,  and  1.004 
for  x  =  100. 
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Using  Eq.  ('•0),  we  cun  rewrite  Eq.  (59)  in  the  form 

-n(i-b) 

P  =  _ _ _  •p(tb)  (6i, 

Xa^.J? rr  bn 

In  the  r-.-g ime  of  interest,  cp(nb)  ~  1,  hence 

-n(l-b) 

PE  -  - =- 

a  XaXj  277  b K 

By  taking  the  logarithm  of  Eq.  (62)  we  arrive  at  an  implicit  equation  for  n 

n  =  nCB  -  A  log  n  -  B 

where 

log  PE 

nCB  ( l-b) log  e 

_  1 
A  "  2(l-b)log‘e 

t,  log[2TrbX2Q^] 

2 (l-b) log  e 

ri  _  is  precisely  the  mean  emission  number  per  digit  required  to  satisfy  the 

Cher no ff -bound  for  a  given  error  rate  P  as  can  be  recognized  by  comparing 

Eq.  (64)  with  Eq.  (24).  The  other  terms  in  Eq.  (63)  effect  a  reduction  of 

this  number,  provided  that  A  and  B  are  positive.  Like  n  ,  the  coefficients 

CB 

A  ar.d  B  are  functions  of  the  modulation  index  p  through  their  dependence  cn 
t ,  X,  and  a. 

For  the  present,  system  f^(u)  is  given  by  Eq.  ( iS) .  X  and  b  are  cal¬ 
culated  as  before,  from  Eqs.  (22)  and  (23)-  According  to  Eq.  (5S),  the 


(63) 

(64) 

(65) 

(66) 
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remaining  parameter,  0,  is  given  by 


2  V-1  p  2  -Xu 

O  -  b  i  U  e 


1  -  pU 


irV 


1  -  u 


du 


-1 


X  (X) ( 1  +  r)  -  +  r  + 


*  X2 


(67) 


With  the  help  of  Eqs.  (22)  and  (23)  this  can  be  put  in  the  simpler  form 


HljM 


n\ 


2 

Using  the  values  of  X,  b,  and  o  ,  one  can  calculate  the  parameters  entering 

Eq.  (63).  The  value  of  n__  for  a  given  P_  can  be  easily  read  off  Fig.  1. 

CB  B 

A(p)  and  b(u)  are  presented  in  Figs.  3,  and  4. 

Although  Eq.  (63)  is  an  implicit  equation  in  n,  it  is  easily  solved  by 
iteration  starting  with  the  substitution  log  n  -*  log  n^. 

For  example,  for  p  =  0.7  one  has  A  *  8.4,  B  «=  1.8;  hence 

n  -  n__  -  8.4  log  n  -  1.8  (68) 

-7 

If  the  required  error  rate  is  P  ■  10  ,  then 

nCB  ■  116 

For  the  first  iteration,  put  log  n  =  log  n^g  *  log  118  *  2.07.  Substitution 
into  Eq.  (68)  results  in  nx~  99.  For  the  second  iteration,  put  log  n  «  ■ 
log  n.  •=  1.996.  Substitution  into  Eq.  (68)  gives  n2  ~  100.  Further  itera¬ 
tions  result  in  negligible  corrections. 

This  example  indicates  that  the  actual  required  photoelectron  count  for 
a  given  error  rate  may  be  as  much  as  15  percent  lower  than  indicated  by  the 


Chernoff -bound. 
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Section  1 
INTRODUCTION 

The  primary  purpose  of  this  appendix  is  to  develop  for  each  of  the  candidate  modulation 
formats  the  basic  analytical  expressions  that  are  employed  in  the  digital  computer  pro¬ 
grams  described  in  Appendix  N  and  that  are  used  in  calculating  required  received  signal 
power  for  a  specified  bit  error  probability.  A  further  purpose  is  to  provide  graphs  of 
these  expressions  in  a  form  suitable  for  use  in  comparing  the  candidate  modulation 
formats  considered  in  Volume  II  under  Task  2. 

The  modulation  formats  analyzed  here  are  as  follows: 

(1)  Digital  quadriphase-modulated  microwave  subcarrier,  polarization  modulated 
cw  laser 

(2)  Binary  baseband  intensity  (on-off)  modulated  laser 

(3)  Binary  baseband  polarization  modulated  laser 

In  the  last  two  cases,  the  signal  and  background  parameters  that  determine  bit  error 
probability  are  defined  in  such  a  way  that  the  analytical  results  obtained  are  applicable 
to  either  cw  or  pulse  laser  systems.  To  apply  these  results  to  any  particular  system, 
it  is  necessary  only  to  take  account  of  (1)  the  influence  of  receiver  gating  (if  used)  on 
the  relationship  between  background  intensity  and  background  photoelectron  count  per 
decision  time,  and  (2)  any  transmitter  power  loss  incidental  to  optical  multiplexing, 
if  resorted  to  as  a  means  of  obtaining  a  transmitted  pulse  rate  adequate  to  the 
information  rate  to  be  handled . 

In  the  case  of  the  baseband  systems,  the  exact  analytical  expressions  for  bit  error 
probability  are  given  first  and  the  graphical  representations  of  these  exact  expressions 
are  presented.  However,  neither  the  exact  analytical  expressions  nor  the  graphical 
plots  are  convenient  as  a  basis  for  routine  computer  calculations.  Numerical  evaluation 
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of  the  analytical  expressions  involves  excessive  amounts  of  computation,  while  storage 
and  recall  of  the  graphical  data  in  the  computer  would  involve  slow  and/or  expensive 
"table  lookup"  methods. 

These  difficulties  can  be  avoided  by  developing  simplified  approximate  analytical 
expressions  for  bit  error  probability,  using  the  results  of  the  exact  analysis  to  verify 
that  adequate  accuracy  is  obtained  over  the  range  of  signal  parameters  of  interest. 
Suitable  approximate  expressions  for  bit  error  probability  are  introduced  for  each  of 
the  baseband  modulation  formats,  and  their  adequacy  is  demonstrated  by  the  method 
iust  described. 
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Section  2 

DIGITAL  QUADRIPHASE  SUBCARRIER/FOLARIZATION  MODULATED  LASER 

The  analysis  in  this  section  uses  as  a  starting  point  the  theoretical  results  obtained  in 
Appendix  B.  In  that  appendix,  expressions  are  derived  lor  bit  error  probability  1J„ 

t, 

in  terms  of  optical  signal  and  background  strengths,  and  signal  modulation  index, 
for  a  number  of  subcarrier  formats.  The  quadriphase  format  to  be  considered  here  is 
covered  in  Section  V  of  the  appendix  as  a  special  case  of  "multichannel  operation.  " 

It  is  important  to  note  at  the  outset  that  the  analysis  in  Appendix  B  does  not  give 
"exact"  expressions,  but  rather  provides  an  upper  bound  for  the  error  probability. 

That  is,  the  analysis  gives  approximate  results  but  is  carried  out  in  such  a  way  that 
any  error  in  the  predicted  value  of  P„  is  in  the  direction  of  overestimation.  For 
this  reason,  and  because,  as  will  be  evident  later,  the  relationship  between  and 
the  signal  strength  parameter  Kg  is  reciprocally  monotonic,  the  calculated  value  of 
Kg  needed  for  a  specified  P£  will  also  be  overestimated.  Thus,  the  number  of 
received  signal  photons  required  per  data  as  calculated  using  this  theory  will  be 
conservative. 

In  order  to  apply  the  analysis  of  Appendix  B  to  the  quadriphase  subcarrier  system, 
we  consider  first  the  case  of  a  single-photodetector  receiver,  treated  in  Section  V  of 
the  appendix.  Following  Eq.  B{31),4  the  output  of  the  photodetector  can  be  characterized 
by  the  time-varying  photoelectron  rate 

a^ft)  =  Oj  U  ±  sin  wt  ±  Pg  cos  at]  (1) 


♦Equations  identified  by  "B"  numbers  are  contained  in  Appendix  B. 
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Here  p^  and  p^  correspond  to  p.  and  p(  of  Eq.  B(31)  and  are  the  modulation 
indexes  associated  with  the  two  Input  data  channels  A  and  B.  (See  Task  2,  Vol.  2,  for 
a  description  of  the  quadriphase  modulation  system.)  The  term  is  the  mean 
photodetector  current  in  the  ensemble-average  sense: 


1 


As  discussed  in  Section  V,  the  error  probability  for  channel  A  depends  on  Oj  and  p^  , 
but  not  on  p  ,  and  similarly  for  channel  B.  That  is,  each  data  train  can  be  recovered 

D 

without  interference  from  the  other.  However,  this  does  not  mean  that  the  values  of 
p_^  and  pB  can  be  chosen  arbitrarily.  In  particular,  when  pA  =  p^  ,  as  we  assume 
hereafter,  their  value  is  limited  to  appreciably  less  than  unity.  To  find  the  maximum 
value  allowed,  we  write  Eq.  (1)  in  the  equivalent  form 


o^ft)  =  Oj  |l  +  m  sin  ^at  +  k  ^  +  ~\J 


(£) 


where 


m 


-h 


J  2  \ 

"A  +  "B) 


1/2 


(3) 


and  k  takes  one  of  the  four  values  0,  1,  2,  3,  depending  upon  the  particular  combina¬ 
tion  of  =  signs  assumed.  In  this  form,  m  represents  the  modulation  index  of  the 
optical  beam  at  the  photodetector  input  due  to  the  total  QPSK  microwave  subcarrier. 

Because  of  the  restriction  p.  =  p„  imposed  above,  we  have  the  following  from 

A  D 

Eq.  (3): 


m 

^A  ~  V2 


(4) 


Substituting  for  p.  and  p  in  Eq.  (1)  gives 
A  p 
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rtj(t)  =  o-j  |l  sin  cut  i  0|)eosu)tj  (5) 

Because  the  value  of  m  cannot  exceed  unity  [according  to  Eq.  (2),  m  >  1  would  imply 

a  negative  photoeleetron  rate  during  a  portion  of  the  modulation  cycle]  ,  it  tolluws  that 

p  and  cannot  exceed  0. 707 . 

A  t* 

We  now  consider  the  addition  of  a  second  photodeteetor  and  assume  diiierential  summa¬ 
tion  of  their  outputs.  Because  of  the  independence  of  the  A  and  B  channels,  the  modifica¬ 
tion  of  the  analytical  formalism  needed  to  take  account  of  the  second  (push-pull)  detector 
is  the  same  in  the  two-channcl  (quadriphase)  case  as  in  single-channel  (biphase)  cast 
analyzed  in  Section  IV  of  Appendix  B.  Consequently,  the  same  conclusions  apply, 
namely,  that  the  error  probability  for  each  channel  is  determined  by  (1)  the  modulation 
index  for  the  channel  (u  .  =  =  m/\  2)  and  (2)  the  mean  (expected)  total  number  ot 

photoelectrons  in  both  detectors  during  the  bit  decision  time  r  .  In  the  notation  of 
Appendix  R,  this  number  is  n  =  «  +  ay,  .  In  the  following,  we  denote  this  quantity  by 
Kg  Similarly,  we  use  for  the  expected  total  number  of  background  photoelectrons 
in  time  t  . 

Before  writing  the  expression  for  ,  we  note  from  Section  VI  of  Aopcndix  B  that 
the  effect  of  background  can  be  fully  taken  into  account  by  replacing  n  and  the  p's  by 
properly  chosen  effective  values  -  In  our  notation,  these  effective  values  are 

"eff  =  KS  +  KB  <6) 

and 

KS  KS  m 

“eff  Kg  +  Kfi  m  "  Kg  +  Kfi  72  W 
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In  terms  of  and  pg^  ,  tne  expression  for  bit  error  probability  from  Eq.  B(24)  is 


P,,  v  e 

t 


netf^eff) 


{*) 


or,  in  terms  of  decibel  units  (10  log.,.  P_),  from  Eq.  B(25), 

1  u  h 


(PE>m  =  10  log10  PE  <  -  10  [f(4)log10  e]  ~n 


eff 


(9) 


where  -  10  jf(pgff)  log10  ej  is  the  function  plotted  in  Appendix  B  as  Fig.  2.  Noting 
that  this  function  is  approximately  linear  with  p^  ,  we  recast  Eq.  (9)  in  the  form 


10  logi0  PE  1,45)neff  ^efi1  g^eff* 


(10) 


where  the  function  g(pefj.)  takes  account  of  the  slight  departure  of  the  graph  from 
linearity  ;  g(pgff)  is  plotted  in  Fig  2-1.  It  is  seen  that  g(pgf{)  ■=  1  for  pg^  =  1,  but 


decreases  to  0 . 75  at  p  ,,  *  0 

eff 


Equations  (6)  and  (7)  can  now  be  used  in  Eq.  (10)  to  express  P^,  explicitly  in  terms 


of  Kc  ,  Kn  ,  and  m  .  The  result  is 
o  13 


2 

10  iogl0  PE<(-i.«)ai._5  , 

15  O 


(ii) 


where  g  =  g(Pejf)  is  obtained  from  Fig.  2-1*  with 


m 


Meff  =  72  1  +  Kg/Kg 


(12) 


♦For  purposes  of  computer  calculations  using  Eq.  (11),  the  function  g  can  be  repre¬ 
sented  with  adequate  accuracy  for  most  purposes  by  the  empirical  approximation 
g(Meff>  -  3/4  U  +  1/3  (peff)2)  . 
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Fig.  2-1  The  Factor  g  in  Eqs .  (10)  and  (11) 
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As  ar.  example  of  the  use  of  Eq.  (11),  wc  will  calculate  the  value  of  K_  required  for 

-6  ^ 

PE  =  1  x  10  when  m  =  0.9  and  Kg  =  0  .  From  Eq.  (12), 


0,9 

Meff  2 


0.636 


From  Fig.  2-1,  for  this  value  of  ,  g  -  0.82.  Using  these  values  in  Eq.  (11) 
and  solving  for  Kg  ,  we  obtain  Kg  =  125  photoelectrons  per  decision  interval.  The 
corresponding  number  of  photoelectrons  per  data  bit  K^  is  obtained  by  dividing  Kg 
by  the  number  of  data  bits  per  decision  time,  namely,  log9  4=2.  Thus, 


Kg 

KR  ~  (log24)  " 


62.5 


In  the  above  example,  if  the  background  parameter  Kg  had  been  other  than  zero,  the 
value  of  could  not  have  been  obtained  from  Fig.  2-1  without  first  assigning  a  value 

tc  Kg  .  As  this  is  the  quantity  to  be  found,  and  because  Eq.  (11)  is  an  implicit  expres¬ 
sion  for  Kg  ,  the  correct  value  of  Kg  must  be  arrived  at  by  successive  approximations. 
Using  this  method,  a  graph  of  Kg  versus  Kg  can  be  constructed  for  a  given  value  of 
m  ,  say,  m  =  1  .  The  curve  for  m  =  1  in  Fig.  2-2  was  constructed  in  this  way.  Once  this 
has  been  done,  graphs  for  other  m  <  1  can  be  constructed  from  the  first  by  choosing 
a  value  of  m  ,  say,  m'  ,  and  using  Eqs.  (6)  and  (7)  to  find  new  but  equivalent  values 
of  Kg  and  .  Calling  these  new  values  K 

equivalent  to  the  first  set  if  the  values  of  and  p^  as  given  by  Eqs.  (6)  and  (7) 

remain  unchanged .  Thus,  the  equivalence  conditions  are 

KS  +  *8  =  KS  +  S 


and 


*B 


the  combination  will  be 


and 


Ki,  ,  Kc 

S  m1  S  m 

KS  +  KB  ’  ^  =  Ks  +  S  ’  ^2 
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U9ing  the  first  equation  In  the  second  to  replace  Kg  +  Kg  by  ,  wc  obtain  the 

equivalence  condition 


Using  this  result  in  the  first  equation  gives  a  second  condition, 


•  (‘  '  £rh  +  “a 


The  curves  In  Fig.  2-2  for  m  <  1  were  constructed  from  the  curve  for  m  =  1.0  by 
using  these  equivalence  conditions  as  follows:  A  series  of  values  of  Kg  and  the  asso¬ 
ciated  Kg  values  for  m  =  1  were  tabulated;  then  for  an  assigned  value  of  m’  <  1  , 
pairs  of  values  of  Ki  and  were  calculated  UBing  Eqs.  (13)  and  (14).  The  curves 
in  Fig.  2-2  for  m<l  are  plots  of  these  derived  or  "equivalent"  Kg  and  Kg  values. 

An  alternative  presentation  of  the  results  given  in  Fig.  2-2,  with  modulation  index  as 
the  independent  variable  rather  than  background,  is  obtained  by  taking  vertical  cuts  M 
fixed  values  of  background.  The  resulting  crosB-plots  are  given  in  Fig.  2-3  .  In  this 
case,  the  signal  and  background  parameters  are  expressed  on  a  per-bit  basis;  i.e. , 

Kp  =  Kg/log24  is  plotted  as  a  function  of  modulation  index  m  with  background  photo¬ 
electron  count  per  data  bit  (=  Kg/log24)  as  the  parameter. 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOCKHttD  MISSILES  1  S  f  A  (  (  COMPANY 
A  OIDvif  DIVISION  o'  lOCCMEEO  AllCIAM  COIfOIAtlON 


REQUIRED  SIGNAL  PE  COUNT  PER  DATA  BIT, 


LMSC-Bzy0200-Il] 


Fig.  2-3  Kr,  the  Number  of  Signal  Fhctoelectrons  Required  per  Data  Bit  by  a 
Subcarrier/QPSK/Polarization  Modulation  Receiver  for  a  Bit  Error 
Probability  of  1  x  10-6  as  a  Function  of  Modulation  Index,  m,  for 
Several  Background  Interference  Levels 
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Section  U 

BINARY  BASEBAND  ON-OEE  MODULATION 


3.1  EXACT  ANALYSIS 

An  exact  analysis  of  this  system  has  been  given  by  Curren  and  Ross  (Ref.  1),  and 
graphic  results  covering  a  range  uf  conditions  of  practical  interest  are  given  by  Ross 
et  al .  (Ref.  2).  However,  the  results  are  presented  in  a  form  that  is  inconvenient  for 
our  purposes,  and,  for  some  conditions  of  interest,  with  insufficient  accuracy.  There¬ 
fore,  it  was  necessary  to  perform  an  independent  numerical  analysis  of  this  modulation 
scheme. 


In  this  analysis,  the  theoretical  expression  of  Curren  and  Ross  (Ref.  2)  or,  equivalently, 
Pratt  (Ref.  3),  is  first  used  to  calculate  bit  error  probability  in  terms  of  the  signal  and 
background  parameters  assuming  ideal  modulator  action  (infinite  extinction)  and  an 
optimum  detection  threshold.  Then,  by  means  of  an  equivalence  argument,  we  show- 
that  a  finite  extinction  ratio  can  be  accounted  for  by  a  change  of  signal  and  background 
parameters,  as  in  the  case  of  the  subcarrier  system.  Finally,  the  equivalence  relations 
derived  are  used  to  obtain  graphic  plots  showing  the  effect  of  varying  the  extinction  ratio. 


Following  Pratt  (Ref.  3),  for  an  on-off  optical  modulation  system  transmitting  "one” 
and  "zero"  bits  with  equal  probability,  and  assuming  an  ideal  photon  counting  receiver, 
the  bit  error  probability  P£  is 


4) 


k=  0 


h) 

k=  0 


exp  {-Kg  -  Kg} 

- El - IS 


“si 


(15) 
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where  is  the  greatest  integer  contained  in  the  maximum-likelihood  threshold 
given  by 


£n  [1  +  Kg/K^] 


and  where  Kg  and  are,  respectively,  the  expected  signal  and  background  pholo- 
electron  counts  as  defined  previously.  Figure  3-1  shows  the  variation  of  P^.  with 
respect  to  Kc  for  a  wide  range  of  values  of  ICg  .*  For  a  specified  value  of  P  (say, 

1  x  10  b),  a  horizontal  cut  through  this  family  provides  pairs  of  corresponding  values 
of  K-p  and  Kg  ,  which  are  plotted  as  the  lower  curve  of  Fig.  3-2  (E  =  oc).  We  next 
use  this  curve  to  obtain  similar  curves  but  for  finite  values  of  the  extinction  ratio  E, 
as  defined  below. 

If  the  modulator  fails  to  extinguish  the  transmitter  pulse  during  a  binary  "zero,  "  leakage 
of  signal  power  will  occur  during  the  time  it  should  be  suppressed.  Thus,  if  the  signal 
photoelectron  count  at  the  receiver  during  a  binary  "one"  is  Kg  ,  with  unity  transmission 
through  the  modulator,  then  during  a  binary  "zero"  the  count  is  Kg/E  ,  where  E  is 
defined  as  the  extinction  ratio  (1  <  E  <  ■*>).  This  leakage  signal  adds  to  the  real  back¬ 
ground,  as  shown  in  Fig.  3-3(b).  If  the  imperfections  of  the  modulator  that  cause 
incomplete  extinction  are  optical  in  nature,  they  will  also  tend  to  reduce  the  peak  trans¬ 
mittance  for  a  binary  "one.  "  For  completeness,  therefore,  we  postulate  an  incremental 
reduction  of  peak  signal  by  an  amount  Kg/E  ,  as  shown  in  Fig.  3-3(b).  This  reduction 
is  equal  in  magnitude  to  the  incremental  increase  in  background  due  to  incomplete 
extinction . 


*The  scallops  that  usually  appear  in  graphs  of  this  function  have  been  smoothed  for  the 
sake  of  simplicity,  since  they  are  of  no  practical  importance  for  present  purposes. 
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The  effect  of  leakage  can  now  be  accounted  for  by  defining  an  effective  background 
KB  +  KS  /E  and  a  fully  modulated  effective  signal  (1  -  2/E)Kg  ,  as  illustrated  in  the 
figure  *  We  now  ask  what  values  Kg  and  K^  are  required  to  have  so  that  the  coi  re¬ 
sponding  effective  signal  and  background  values  will  be  equal,  respectively,  to  specified 
values  of  Kg  (for  a  fully  modulated  signal)  and  K^  Two  such  equivalent  signal  and 
background  conditions  are  represented  in  Fig  3-3,  from  which  it  is  evident  that  the 
conditions  to  be  satisfied  for  equivalence  are 

(1  -  2/E)  Kg  =  Ks 
and 

+  (l/E)Kg  =  Kb 

These  equations  can  be  solved  to  give  explicit  expressions  for  Kg  and  K^: 


Equations  (17)  and  (18)  were  used  to  produce  the  curves  in  Fig.  3-2  for  E  <  *  using 
values  of  Kg  and  from  the  curve  for  E  =  «>  .  (The  method  used  was  essentially 
the  same  as  the  one  outlined  in  the  previous  section  for  obtaining  the  curves  in  Fig.  2-2 

*In  writing  this  expression,  it  is  assumed  that  a  polarization  analyzer  cannot  be  used 
in  the  receiver  to  reduce  the  background  reaching  the  photodetector.  This  will  be  the 
case  if  time  division  multiplexing  in  the  transmitter  (to  increase  pulse  repetition  rate) 
is  accomplished  with  the  help  of  polarization  beam  splitters  and  recombiners  because 
then  the  transmitted  signal  will  be  composed  of  two  sets  of  pulse  trains  orthogonally 
polarized  with  respect  to  one  another.  If  the  transmitted  polarization  is  such  as  to 
permit  an  analyzer  to  be  used  in  the  receiver,  then  Kg  in  the  following  analysis 
should  be  replaced  by  Kg/2  . 
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for  m  <  1.)  Cuts  through  the  family  of  Fig.  3-2  for  constant  valueB  of  E  then  yield 
the  curves  of  Fig.  3-4.  In  these  plots,  extinction  ratio  Is  expressed  In  decibels, 
defined  as  E^g  =  10  log1QE.  Also,  for  consistency  with  the  corresponding  graph  for 
the  quadriphase  system,  Fig.  2-3,  the  signal  and  background  parameters  are  given  on 
a  photoelectron-per-data  bit  basis . 

3.2  ANALYTICAL  APPROXIMATION  -  ON-OFF  MODULATION 

A  simplified  approximate  analytical  expression  for  bit  error  probability  for  the  on-off 
modulation  format  has  been  derived  b>  Bucher  (Ref.  4)  by  a  lech.  Ique  similar  to  that 
used  in  Appendix  B  for  the  subcarrier  system,  namely,  the  use  of  the  Chernoff  bound. 

As  for  the  subcarrier  system,  this  method  guarantees  that  calculated  values  of  bit 
error  probability  (or,  equivalently,  signal  power  required  for  a  specified  bit  error 
probability)  will  be  conservative.  For  this  reason,  the  term  "upper  bound"  is  more 
appropriate  then  "approximate"  in  referring  to  such  expressions. 

In  our  notation,  Bucher's  expression  for  bit  error  probability  for  ideal  on-off  modulation 
and  a  threshold  receiver  with  the  threshold  optimized  in  accordance  with  Eq.  (16)  is 


P£  £  C  exp  (-  Ks  Ex) 


(19) 


where 


is  a  function  of  the  ratio  Kc/K„ 

o  D 


as  follows : 


Et<ks/Kb) 


(20) 


The  factor  C  in  Eq.  (19)  is  unity  according  to  Bucher's  development.  However,  since 
the  results  of  the  exact  theory  are  available,  we  can  adjust  the  value  of  C  to  improve 
the  accuracy  of  Eq.  (19).  After  some  experimentation,  a  value  of  C  =1.0  was  selected 
as  best  for  the  range  of  signal  parameters  of  interest  in  this  study. 
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In  the  case  of  a  nonideal  modulator,  Eq.  (19)  is  still  applicable,  provided  K_  is  now 
thought  of  as  the  strength  of  an  equivalent,  fully  modulated  signal  and  KD  1b  regarded 

O 

as  an  effective  background  To  express  these  effective  values  in  terms  of  the  actual 
signal  and  background,  we  again  use  the  equivalence  argument  illustrated  by  Fig.  3-3. 
We  now  regard  Kg  and  (at  (b)]  as  the  actual  signal  and  background  parameters 
and  Kg  and  K^  (at  (a)]  as  the  derived  or  equivalent  quantities  Accordingly,  wc 
use  the  equivalence  relations  derived  above  to  express  Kg  and  Kg  in  Eqs.  (19)  and 
(20)  in  terms  of  K'  and  K'  .  Then  we  drop  the  primes  so  that  Ke  and  K^  again 
denote  actual  signal  and  background  values,  giving 


PE  s  C  exp  l-  (1  -  2/E)  Kg  Ex<p)] 


(21) 


where  ET(p)  is  the  same  function  as 


Eq.  (20)  but  with  K^/Kg  replaced  by  p  where 


(1  -  2/E)Kg 
KB  +  (l/E)Kg 


(22) 


To  check  the  accuracy  of  this  approximation  method,  values  of  Kg  were  calculated  for 
E  =  40  (16  dB)  and  are  plotted  in  Fig.  3-2.  These  are  seen  to  be  in  good  agreement 
with  the  vtirves  based  on  the  exact  theory. 
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Section  4 

BINARY  BASEBAND  POLARIZATION  MODULATION 

■4.1  EXACT  ANALYSIS 

Pratt  has  analyzed  this  system  and  derived  expressions  for  bit  error  probability  in 
terms  of  Bessel  functions;  he  also  gives  an  alternate  expression  in  terms  ol  Marcum’s 
Q-function  (Ref.  5).  However,  for  purposes  of  machine  computation,  intermediate 
results  of  Pratt's  development  are  more  useful.  In  our  notation,  the  expression  for 
bit  error  probability  that  is  most  convenient  to  use  is 


uO 


where  Z  is  the  difference  in  photocounts  between  the  two  detectors.  A  correct 
decision  is  made  with  unit  probability  whenever  Z  >  0  and  with  a  probability  of  1/2 
when  Z  =  0  since  only  a  guess  is  possible  in  the  latter  case.  The  probability  that  a 
specified  value  of  Z  will  occur  is  given  by 


OO 

p(Z  =  j)  =  Pg(X  -  j  +  m)pB(Y  =  m) 

m  =  0 


(24) 


where  Pg  and  p£  are  the  Poisson  probability  functions  for  signal-plus-background  and 
background  alone. 


PS(X  -  k)  - 


(25) 


C-21 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOCKHfCO  MlSSllfS  ft  SPACt  COMPANY 
A  G  •  O  u  P  Division  Of  i  O  C  *  H  f  I  D  »  i  •  C  »  a  »  i  (0I»0»*H0n 


LMSC-B290200-ITI 


and 


In  these  expressions,  K_  is  the  total  mean  photoelectron  count  for  the  two  photo- 

u 

detectors  in  the  decision  time  and  is  the  background  count  in  the  same  lime 
In  Eqs.  (25)  and  (26),  the  term  Kg/2  is  the  mean  background  photocount  per  detector. 

Figure  4-1  is  a  plot  of  Eq.  (23)  for  a  number  of  values  of  the  background  parameter 
Kg  Comparing  this  graph  with  the  corresponding  one  for  on-off  modulation  (Fig.  3-1), 
it  is  seen  that  for  all  Kg  >  0  ,  the  polarization  modulation  system  is  superior  in  that 
it  requires  a  significantly  smaller  signal  photoelectron  count  to  produce  a  given  bit 
error  probability . 

The  curve  for  m  =  1  In  Fig.  4-2  was  derived  from  Fig.  4-1  by  taking  a  horizontal  cut 
at  Pj,  =  1  x  10-6.  The  curves  for  m  <  1  were  then  obtained  from  this  by  use  of  the 
equivalence  relations,  Eqs.  (13)  and  (14),  In  the  same  way  as  for  the  QPSK  system.  * 
Vertical  cuts  through  the  curves  of  Fig.  4-2  at  fixed  values  of  the  background  parameter 
Kg  then  yield  the  family  of  Fig.  4-3.  However,  the  signal  and  background  parameters 
are  expressed  In  Fig.  4-3  in  terms  of  photoelectrons  per  data  bit,  as  for  the  corre¬ 
sponding  graphs  for  the  other  systems. 

4.2  ANALYTICAL  APPROXIMATION  -  BINARY  POLARIZATION 

The  computation  of  bit  error  probability  using  the  exact  expression,  Eq.  (23),  is  again 
found  to  be  expensive  in  machine  time,  and  hence  an  approximate  expression  in 
analytical  form  is  desired.  For  this  purpose,  we  start  with  an  upper  bound  derived 
for  this  modulation  method  by  Bucher  (Ref.  4)  and  applicable  when  the  modulator 


♦The  definition  of  modulation  index  m  is  the  same  as  that  given  in  the  discussion  of 
the  QPSK  system,  namely,  actual  photocurrent  swing  divided  by  maximum  possible 
swing  for  ideal  modulation. 
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Fig.  4-1  Bit  Error  Probability,  Pg,  Versu: 

PE  Count,  Kb,  in  the  Same  Time, 


Required  Signal  PE  Count  per  Decision  Versus  Background  PE  Count  in  Same  Time  for  Several  Values  of 
Modulation  Index,  m 


REQUIRED  SIGNAL  PE  COUNT  PER  DATA  BIT, 


Fig.  4-3  Required  Minimum  Signal  Photoelectron  Count  per  Data  Bit,  Kr, 
Versus  Modulation  Index,  m 
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action  Is  Ideal.  That  is,  when  the  transmitted  polarization  is  switched  between  two 
orthogonal  states,  the  received  laser  signal  all  goes  to  one  photodetector  or  the  other 
according  to  which  binary  state  was  transmitted. 

In  our  notation,  Bucher's  expression  (Ref.  4,  Eq.  5)  can  be  written  in  the  form 


P£  s  C  exp  {  -  Kg  ■  Ec) 

where 

_  ,  >)'  *  »  Vkb  -  1 
C  -J1  +  2  Vkb  -  ‘ 


(27) 


(28) 


in  Bucher's  development,  the  factor  C  in  Eq.  (27)  is  unity,  but  comparison  of 
numerical  values  given  by  the  exact  expression  Eq.  (23),  indicates  that  with  a  value 
of  C  =■  0.5  ,  the  accuracy  of  the  expression  is  improved  significantly.  Values  of 
Kg  calculated  with  C  =  0.  5  and  plotted  in  Fig.  4-2  along  the  curve  for  m  =1.0  are 
seen  to  agree  within  a  few  percent  with  the  "exact"  values  represented  by  the  curve, 
but  still  on  the  conservative  side. 


Although  somewhat  complex  at  first  glance,  Eq.  (27)  can  be  Bolved  explicitly  for  Kg 
in  terms  of  Kg  and  P^.  .  The  result  (with  C  =  0.5)  is 


Ks  =  -fn(2PE)  +  ^(-2Kb)  £n  (2P£)  (29) 

Equation  (27)  can  now  be  modified  to  take  account  of  nonideal  modulation  by  the  same 
method  as  used  in  the  previous  section  for  on-off  modulation.  However,  for  the  binary 
polarization  system  we  prefer  to  specify  modulator  action  in  terms  of  modulation 
index,  as  defined  for  the  subcarrier  system  (see  Vol.  II,  Task  1)  rather  than  in  terms 
of  extinction  ratio.  Using  the  same  reasoning  as  in  the  previous  section,  it  i  s  easy 
to  show  that  the  equivalence  relations  that  apply  in  this  case  are  the  same  as  those 
for  the  subcarrier  system  given  by  Eqs.  (13)  and  (14).  As^in  that  case, modulation 
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index  m  Is  defined  as  the  ratio  of  peak-to-peak  signal  current  swing  (each  detector) 
to  total  signal  current  (both  detectors).  Substituting  for  Kg  and  in  Eq.  (27)  and 
(28)  and  dropping  the  primes,  as  before,  we  obtain 

PE  ^  1  exP  -  Ks  Ec(m)}  (30) 

where 


Again,  the  expression  for  P£  can  be  inverted  to  obtain  the  following  explicit  expres¬ 
sion  for  Kg : 
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SIGNAL- TO-NOISE  RATIO  AND  BIT  ERROR 
PROBABILITY  FOR  A  QUADRIPHASE  SUBCARRIER 
SYSTEM  -  GAUSSIAN  STATISTICS  APPROXIMATION 

by 

Dr.  H.  V.  Hance 


(Based  in  part  on  analyses  performed  under 
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Section  1 
INTRODUCTION 


This  appendix  has  two  purposes:  (1)  to  develop  expressions  in  several  forms  for 
signal-to-noise  ratio  for  the  microwave  subcarricr  after  photodeleetion  of  the 
polarization-modulated  optical  beam  and  bandpass  filtering,  and  (2)  to  obtain  an 
approximate  expression  for  bit  error  probability  using  the  S/N  expression  developed 
here  in  conjunction  with  expressions  for  bit  error  probability  derived  in  standard 
references  on  rf  communication  system  theory. 
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Section  2 

REPRESENTATION  OF  SIGNAL  AND  NOISE  PHOTOCURRENTS 


We  assume  that  the  received  optical  signal  is  polarization  modulated  at  a  microwave 
subcarrier  frequency  w  and  that  it  is  converted  into  two  intensity- modulated  beams 
by  means  of  a  polarization  beam  splitter  in  the  manner  described  under  Task  2  of 
Vol.  II.  Separate  photodetectors,  one  for  each  beam,  then  produce  output  photo- 
currents  given  by 

h(t)  =  -f  [X  +  m  sin  (w^t  +  k|  +  ^)j  +  ^  +  iN1(t)  (1) 

and 

1 2(t)  =  f-f1  -  m  sin  (cumt  +  k|  +  J)]  +  ~  +  iN2(t)  (2) 

where 

IQ  =  total  mean  photocurrent  of  both  detectors  due  to  the  laser  signal 

Lg  =  total  mean  photocurrent  of  both  detectors  due  to  optical  background 

m  =  intensity  modulation  index  at  photodetector  input 
k  =  0,  1,  2,  or  3.  depending  upon  which  of  four  possible  phase  states 
is  transmitted 

and  i^j(t)  and  i^2(t)  are,  respectively,  the  random  shot  currents  in  the  two  photo¬ 
detectors  due  to  the  signal  and  background  photocurrents.  The  factor  of  1/2  associated 
with  IQ  and  Lg  accounts  for  the  division  of  signal  and  background  optical  power 
between  the  two  photodetectors . 

These  two  photodetector  currents  are  represented  in  Fig.  1.  The  dashed  curves  show 
the  ensemble  average  photocurrents,  which  are  the  ideal  values  that  would  exist  in 
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the  absence  of  photocurrent  shot  noise.  The  magnitude  of  the  shot  noise  is  shown  to 
vary  during  the  subcarrier  modulation  cycle  in  accordance  with  the  variation  of  optical 
intensity.  Also,  the  moan  background  photocurrent  is  shown. 


i 


Fig.  1  Photodetector  Output  Currents.  The  sinusoidal  variation  of  (ensemble 
average)  photocurrent  for  one  subcarrier  cycle  is  indicated  by  the 
dashed  lines.  Superimposed  is  a  representation  of  the  total  current, 
including  the  shot  noise  component.  Note  the  opposite  variations  of 
noise  magnitude  for  the  two  outputs  during  one  cycle 
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Section  3 

SUBCARRIER  AND  NOISE  POWER 

We  now  calculate  the  variance  of  the  noise  currents  i^j  and  use  of  the  well- 

known  shot  current  expression  (Ref,  1), 

(iN2)  =  2q(i(t))B  (3) 

where  q  is  the  electronic  charge,  B  is  the  photodetector  output  circuit  bandwidth, 
and  the  brackets  denote  the  expectation  or  ensemble  average  value.  Using  Eqs.  (1) 
and  (2)  for  i(t)  gives 


<lNl>  =  j-f  f1  +  m  sin  4  kf  4  l]  +  T 

(va)  =  { f[x  *  m  8in  4  kf  +  i]  4  T 

It  is  seen  that  these  variances  are  time-dependent. 

Since  the  signal  currents  in  the  two  detectors  are  phase-coherent,  while  the  shot 
currents  are  random  relative  to  one  another,  an  improvement  in  signal -to-noise  ratio 
can  be  obtained  by  combining  these  two  signal  currents. 

Taking  the  difference  of  the  signal  currents,  as  given  by  Eqs.  (1)  and  (2),  and  dis¬ 
regarding  the  noise  term  gives  the  following  for  the  combined  useful  subcarrier 
signal  current: 


2q  B 

(4) 

2q  B 

(5) 

=  m  I  sin  (a)  t  + 
o  '  m 


kf  4f> 


(6) 
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Assuming  noiseless  current  multiplication  by  a  lactor  M  ,  the  corresponding  sub¬ 
carrier  signal  power  in  a  load  Rj  is  given  by 


P  =  i  “(t)  M“ll  -nri^M^H,  (71 

SC  C  1.  2  O  1.  '  ■ 

Similarly,  the  noise  power  of  the  combined  signal  after  amplification  is  obtained  by 
using  Eqs.  (4)  and  (5); 


NS 


[(W)  +  <*N2  )]  m2rL  =  2qBRLM2(Io  +  IB) 


(8) 


The  latter  expression  is  seen  to  be  independent  of  time  even  though  the  variances  of 
the  individual  noise  currents,  as  given  by  Eqs.  (4)  and  (5),  are  functions  of  time. 
Thus,  the  noise  power  of  the  combined  photocurrents  does  not  vary  during  the  modu¬ 
lation  cycle.  The  subscript  S  in  the  noise  term  PNg  denotes  noise  power  due  to 
shot  effect. 


In  practice,  the  photocurrent  multiplication  factor  will  vary  from  photoelectron  to 
photoelectron  and  this  variation  will  increase  the  randomness  of  the  output  current. 

It  has  been  shown  (Ref.  2)  that  this  increase  in  output  noise  can  be  represented  by 
application  of  a  noise  factor  i  1  to  the  noise  power  given  by  Eq.  (8).  Also,  any 
load  or  amplifier  following  the  photodetector  and  having  an  effective  noise  tempera¬ 
ture  Tg£j  >  0  will  contribute  additional  noise  power  in  the  amount  of  k  T^^B  ,  where 
k  is  Boltzmann's  constant.  Thus,  the  total  output  noise  of  the  photodetector  and 
associated  amplifier  or  load  is 


PNT  =  FD  PN  +  k  Teff  B 


where  the  subscript  T  denotes  total  noise  due  to  shot  and  thermal  noise  components. 
Using  Eq.  (8),  this  becomes 

PNT  =  2qBRLM  Fd  ^o  +  +  k  Teff  B  ^ 
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For  some  purposes,  it  is  convenient  to  write  this  in  the  form 

PNT  =  2qBRLM2FD(I0+ V(1  +  FT>  <10> 

where 

kTeff 

F  =  - -Sii -  (11) 

2qBRLM2FD(IQ  +  IB) 

The  term  F^,  is  the  ratio  of  the  thermal  noise  due  to  amplifier  (or  load)  following  the 
photodetector  to  the  output  noise  of  the  photodetector  Itself,  the  two  measured  in  the 
same  bandwidth.  Thus,  F^,  has  the  significance  of  an  excess  noise  factor.  It  should 
be  noted,  however,  that  F^,  is  not  the  conventional  noise  figure  of  the  post-amplifier. 
Calling  the  latter  noise  figure  FA  ,  if  the  input  to  the  post-amplifier  is  terminated  by 
a  room-temperature  resistive  load,  the  effective  temperature  Te^  to  be  used  in 
Eq.  (9)  or  (11)  is  given  by 


Te{{  =  300(1  +  Fa)  (°K) 


(12) 
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Section  4 

CARRIER-TO-NOISE  RATIO 


The  ratio  of  subcarrier  power  for  a  bandwidth  B  to  noise  power  in  the  same  band  is 
obtained  using  Eqs.  (7)  and  (9): 


1  9  9  9 

=  2  m  lo*  RL  _ 

PNT  2qBRLM2FD(Io  +  IB)  +  k  T£ff  B 

An  equivalent  expression  in  a  simpler  form  is  obtained  by  using  Eqs.  (7)  and  (10), 


(13) 


2.  2 
m  I 

o 


4qBtio  +  IB>  FD  <1  +  FT> 


where  F.^,  is  given  by  Eq.  (11). 


(14) 


Next,  we  express  this  signal-to-noise  ratio  in  terms  of  the  laser  power  and  optical 
background  power  incident  on  the  photodetectors.  Letting  PR  and  stand  for  these 
quantities,  we  can  write 


and 


I  = 
o 


hv 


(15) 


V 


PB<* 
D  hi/ 


(16) 
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where 


=  photodetector  quantum  efficiency 

=  Planck's  constant 
=  6.625  x  10-34  joules-sec 
=  electronic  charge 
=  1.6  x  10"^®  coulombs 
=  laser  frequency  (Hz) 


Substituting  into  Eq.  (13)  and  rearranging  slightly  gives 


qDq  2 

V»l 


NT  .  -.2  ^ 
4M  q  F 


?d(-^)  <PR  4  PB>  B  BL  4  2kTeffB 


or,  equivalently,  from  Eq.  (14), 


2 


4qBFD 


G£) 


(PR  +  PB)(1  +  ft) 


where,  now 


2qBRLM“  F 


Cel) 

D  \  ht4  / 


<PR  +  PB> 


For  ease  of  interpretation  (in  Section  7),  we  rewrite  Eq.  (18)  in  the  form 

Psc  _  PR  m2  1 

PNT  '  2hl,B  '  V1  +  FT>  2  1  +  VPR 
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For  some  purposes,  it  is  convenient  to  express  signal-to-noise  ratio  in  terms  of  the 
signal  and  background  parameters  Kg  and  Kfi  ,  defined,  respectively,  as  the  mean 
total  signal  and  background  photoelectron  counts  (two  detectors)  in  r  ,  the  bit  deci¬ 
sion  time.  The  mean  3ignal  and  background  photocurrents  are  then  given  by 


and 


I 

o 


Ksq 


B 


KB  q 


Substituting  for  Iq  and  Ig  in  Eq.  (14)  gives 


2  „  2 

m  Ks 


4  B  r  (Kg  +  Kg)  Fd  (1  +  Ft) 


(21) 


(22) 


(23) 
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Section  5 

BIT  ERROR  PROBABILITY  -  GAUSSIAN  APPROXIMATION 


We  now  wish  to  obtain  an  expression  for  bit  error  probability  using  the  results 
derived  in  textbooks  on  rf  communication  theory.  In  this  derivation,  we  will  assume 
that  the  noise  has  Gaussian  statistics  and  that  its  power  spectral  density  n^  is  uni¬ 
form  over  the  subcarrier  band.  (The  assumption  of  Gaussian  statistics  is  necessary 
to  permit  use  of  rf  communication  theory.) 

The  subcarrier  energy  in  a  bit  decision  time  r  is  given  by 


E 


T 


P  T 


SC 


(24) 


However,  as  discussed  under  Task  2  of  Volume  II,  the  quadriphase- modulated  sub¬ 
carrier  signal  can  be  regarded  as  the  sum  (in  phase  quadrature)  of  two  biphase- 
modulated  signals  carrying  independent  data  streams,  each  using  one-half  of  the  total 
subcarrier  power.  It  is  convenient,  therefore,  io  define  the  effective  subcarrier 
power  per  channel  as 


P' 


sc 


!Psc 


(25) 


and  the  corresponding  effective  subcarrier  energy  per  channel,  per  decision,  as 


E'  =  P'  t  =  4  P  r 
r  sc  2  sc 


(26) 


Under  the  assumption  of  uniform  noise  spectral  density  over  the  subcarrier  band,  we 
have 


n 


o 


pnt/b 


(27) 


D-10 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOCKMItO  MltSlK  i  A  $*ACI  C  O  ,*A  f  A  N  T 
A  GIOU#  DIVISION  Of  1OCKNII0  AI«C*AM  COIfOUHON 


LMSC-B29G200-UI 


Therefore 


E' 
_ r 

a 

o 


P’  ,  P 

(Hr)  ySS.  -  1  (Br)  JS 
NT  “  NT 


Using  Eq.  (23)  for  PS(,/pNX .  we  obtain 


(28) 


n 

o 


8'(KS 


2  2 
m  K 

s 


+  kb>  fd 


u  +  ft) 


(29) 


The  error  probability  per  bit  for  a  coherently  detected,  biphase- modulated  rf  carrier 
with  additive  Gaussian  noise  is  well  known  [e.g.  ,  Ref.  3,  Eq.  (7-6-4)]  .  It  is 


PE  -!Er,cV5  <30> 

where  Erfc  is  the  error  function  complement,  E  is  the  signal  energy  per  data  bit, 

and  n  is  the  (one-sided)  noise  power  spectral  density.  Identifying  E  in  this  expres- 
o 

sion  with  E'r>  and  using  Eq.  (29)  for  E/nQ  in  Eq.  (30),  we  obtain  for  the  error 
probability  in  either  biphase  channel 


P 


E 


2  Erfo 


2„  2 

m  Kg 


8  (Kg  +  Kb)  Fd  (1  +  Ft) 


(31) 


Assuming  that  the  two  channels  are  identical,  they  will  have  the  same  bit  error  proba¬ 
bility;  hence,  taken  together  they  will  produce  twice  as  many  errors  per  unit  time  as 
one  would  alone.  However,  they  will  also  transmit  twice  as  much  data  per  unit  time. 
Therefore,  the  probability  of  error  per  bit  transmitted  (two  channels)  is  the  same  as 
for  one  channel  alone.  Thus,  the  error  probability  per  bit  for  the  quadriphase  system 
is  given  by  Eq.  (31). 
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The  quantity  E'  can  be  given  an  alternate  interpretation  to  that  of  eubcarrier  energy 
per  channel,  per  decision.  For  this  we  define  a  new  parameter  as  the  total  sub¬ 
carrier  energy  per  data  bit  received.  In  the  quadriphase  system,  the  number  of  data 
bits  per  decision  time  r  is  two,  since  two  independent  binary  decisions  (one  for  each 
channel)  are  made  in  each  interval  r.  Since  Et>  as  given  by  Eq.  (24),  is  defined  as 
the  (total)  subearrier  energy  in  time  r  ,  we  have 


er=  T  "  EV 


Therefore, 


and  Eq.  (31)  can  be  written 


P  r 
sc 


2  Erfc 


where,  in  view  of  Eqs  (33)  and  (31), 


Zv  2 

i  m  Ks 

8  (Ks  +  K„)  Fn  (1  +  F.) 


Thus,  E’t>  the  effective  energy  per  bit  per  (biphase)  channel  is  numerically  the  same 
as  Ep  ,  the  actual  (quadriphase)  subcarrier  energy  per  bit.  This  result  is  not  sur¬ 
prising,  since  it  is  known  that  biphase  and  quadriphase- modulated  subcarrier  systems 
are  equivalent  in  terms  of  subcarrier  energy  required  per  data  bit  for  a  specified 
error  probability  (Ref.  4). 
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Finally,  we  give  an  approximation  lor  Eq.  (34)  based  on  the  well-known  asymptotic 
expansion  for  the  error  function  complement  (Ref,  5), 


Erfc  x 


£?1EI-A  ) 


Accordingly,  we  can  write 


where,  as  before,  E^./no  is  given  by  Eq,  (35). 


(36) 


(37) 
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Section  6 

MULTILINK  CHANNELS  WITH  NONREGENERATIVE  REPEATERS 

In  this  section,  we  consider  the  case  of  a  multilink  optical  channel  using  the  QPSK 
subcarrier  format  and  simple  amplifying  repeaters.  That  is,  the  baseband  data 
streams  are  not  recovered  and  regenerated  at  each  relay;  the  subcarrier  is  only 
amplified  and  then  retransmitted  over  the  next  link.  Specifically,  we  wish  to  obtain 
a  relationship  between  bit  error  probability  and  the  signal  parameters. 

Figure  2  shows  the  channel  model  to  be  used.  The  input  signal  to  link  1  (signal 
power  =  S1)  is  assumed  to  be  transmitted  without  distortion  through  the  link,  so  that 
the  useful  output  signal  power  is  .  However,  in  the  successive  links,  noise  com¬ 


ponents  Nj  ,  N2 


Nr  are  added.  Thus,  the  total  input  signal  to  Link  No.  2  is 


S2  =  S1  +  N'l 


and  to  Link  No.  3  is  Sg  =  S2  +  +  N^  +  N2 


The  total  output 

of  Link  No.  3  is  then  Sg  =  S3  +  N3  ®  +  Ng  +  Ng  ;  the  useful  output  is  Sj  ; 

and  the  output  signal-to-noise  ratio  is 


SNR  =  T} — —r; — —  r,- 
o  N,  +  N„  +  N„ 


(33) 


The  generalization  to  an  arbitrary  number  of  links  is  obvious,  but  for  the  sake  of 
simplicity  we  now  concentrate  on  the  three-link  channel. 

The  assumption  that  the  useful  signal  remains  unchanged  at  the  output  of  each  link  and 
that  the  accumulated  noise  power  is  the  sum  of  the  noise  power  of  each  link  is  equiva¬ 
lent  to  postulating  linearity  of  response  for  each  link.  For  t  *s  condition  to  be  valid 
in  a  practical  sense  requires  that  the  signal  plus  noise  in  each  link  be  kept  moderately 
below  the  saturation  level  of  the  repeater  so  that  suppression  of  the  useful  signal  by 
the  noise  dees  not  occur. 
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Fig.  2  Link  Model  Used  in  Analyzing  Multilink,  High-Data-Rate  Channel  Using 
b  Nonregenerative  Repeaters 
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Similarly,  wo  can  rewrite  the  third  term  in  Eq.  (12)  as 


LMSC-B2‘JU2(H)-  111 


^  ^  s-  _i_ 

*1  '  S:i  '  Sa  '  Si  S™3 


S2  ,  N2  Sl  +  Nj 


111 
~  SNU  ( 1  +  SNR*  ( 1  4  SNR  J 


Substituting  Eqs.  (43)  and  (44)  in  (42)  gives 


SNR  SNR,  +  SNR  .  (1  "  SNR ,  ^  +  SNR„  (1  +  SNR,  +  SNR  )  (45) 

o  i  2  13  12 

In  cases  whore  SNlt1  and  SNR0  >  100  and  the  number  of  links  is  small,  Eq.  (45)  can 
be  simplified  with  negligible  error  to 


1  ^  -  1  t  1  .  1 

SNR  ~  SNIT  '  SNR.,  SNR_ 
o^l  2  3 

We  now  wish  to  relate  SNR  to  the  ratio  (E  /n  )  in  Eq.  (34)  in  order  to  obtain  an 

e  to  ' 

expression  for  bit  error  probability.  For  this  purpose,  we  define  as  the 
received  energy  per  decision  time  r  for  the  kth  link;  then  =  E^/r.  Also,  we 
can  write  N,  =  n  B.  ,  where  B,  is  the  bandwidth  of  the  kth  link.  In  terms  of  these 

■\  O  K  K 

quantities,  v.e  have 

s-N,Rk  -  TT  =  TT  •  bT=  («> 

k  o  k 

Next,  we  define  the  normalized  link  signal-to-noise  parameter 


7,  =  E./n 

k  Tk  o 
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Equation  (47)  can  then  be  rewritten  as 

SNRk  =  W  (49) 

We  now  substitute  this  value  of  SNR^  in  Eq.  (46),  and  at  the  same  time  set  =  1.0 
since  we  are  concerned  in  the  remainder  of  this  analysis  only  with  the  noise  power  in 
a  1-Hz  bandwidth.  We  obtain 


Since  yQ  is  the  output  subcarrier  energy  per  decision  time  r ,  we  can  identify  yQ 
with  the  ratio  E^n^  in  Eq.  (33).  From  this  equation,  we  see  that  ER/no ,  the 
argument  of  Eq.  (34)  for  bit  error  probability,  is  related  to  y^  by  E^/n^  >  -  Y(/2 ' 
Therefore,  we  have 


where  Erfc  is  the  error  function  complement  defined  by 


(51) 


Erfc  [z] 


exp  -t 


dt 


(52) 


and  the  approximate  form  is  obtained  by  use  of  Eq.  (36).  In  writing  Eq.  (51),  we 
have  included  an  efficiency  factor  to  represent  nonideal  action  of  the  bit 
synchronizer. 


The  y^  for  the  individual  links  can  be  calculated  by  use  of  Eq.  (24)  if  we  regard 
as  the  power  of  a  cw  subcarrier  equal  to  the  power  of  the  actual  subcarrier  plus 
that  of  the  accompanying  noise .  Defining  Kg^  and  Kgk  as  the  actual  signal  and  back¬ 
ground  photocounts  in  a  decision  t».ne  r  for  the  kth  link,  we  have 


Ti,  = 


m 

4 


K 


Sk 


1  + 


KBk/KSk 


(53) 
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This  expression  in  combination  with  Eqs.  (49)  and  (50)  permits  bit  error  probability 
to  be  calculated  for  a  multilink  channel,  subject  to  the  approximation  involved  in  the 
representation  of  the  Poisson  noise  by  additive  Gaussian  noise.  As  discussed  in 
Section  7,  any  error  in  this  approximation  is  on  the  conservative  side  in  that  the 
predicted  bit  error  probability  is  too  high.  Alternatively,  if  P  ^  is  specified,  the 
calculated  minimum  required  value  of  the  signal-to-noise  parameter  y  will  be 
greater  than  the  value  given  by  an  exact  theory. 
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Section  7 

DISCUSSION  OF  RESULTS 

The  individual  factors  in  Eq.  (20)  can  each  be  interpreted  physically.  The  first, 
P^/2hi>B  ,  can  easily  be  shown  to  be  just  the  ratio  of  photocurrent  dc  power  to  shot 
noise  power  that  would  exist  if  signal  shot  effect  were  the  only  source  of  noise.  The 
second  factor  can  be  regarded  as  an  effective  quantum  efficiency  reduced  from  the  value 
appropriate  for  calculation  of  dc  photocurrent  by  the  effect  of  photomultiplier  excess 
noise  and  post-amplifier  noise.  This  reduction  is  used  in  Vol.  II,  Task  1  (which  is 
otherwise  based  on  the  results  for  Poisson  statistics  developed  in  Appendixes  B  and 
C)  as  the  means  for  taking  account  of  these  sources  of  excess  noise.  The  third  factor 
accounts  for  the  reduction  in  useful  output  when  the  modulation  index  is  less  than 
unity;  the  factor  of  2  in  the  denominator  arises  from  the  assumption  of  sinusoidal 
modulation.  (If  square- wave  modulation  were  used,  the  denominator  would  be  unity. ) 
Finally,  the  factor  1/(1  +  Pfi/PR)  accounts  for  the  reduction  of  aignal/noise  due  to 
the  received  background  radiation. 

It  should  be  noted  that  in  deriving  the  above  expressions  for  signal-to-noise  ratio,  no 
assumptions  were  required  as  to  the  statistical  properties  of  the  shot  noise  current 
other  than  that  the  noise  currents  in  the  two  photodetectors  are  statistically  indepen¬ 
dent.  As  discussed  in  Appendix  B,  the  photocurrents  are  well  described  by  Poisson 
statistics.  However,  after  the  photocurrent  passes  through  the  subcarrier  bandpass 
filter,  these  statistics  are  modified  and  tend  toward  Gaussian.  Moreover,  the 
differential  combining  of  the  photodetector  outputs  assures  that  the  probability  density- 
function  of  these  currents  is  symmetrica1  about  a  mean  value  of  zero,  in  contrast  to 
the  asymmetry  of  the  Poisson  density  function.  This  makes  for  an  even  closer 
approach  to  Gaussian  statistics. 
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If  we  assume  that  thermal  noise  adds  negligibly  to  the  shot  noise  (i.  e. ,  if  FA  <<  1)  , 
the  value  of  Eq.  (20)  is  just  twice  that  of  a  similar  expression  derived  by  Pratt 
[Ref.  1,  Eq.  (10-21)]  for  a  single  photodetector  receiver  and  a  100%  modulated 
(tn  =  1)  optical  signal,  provided  his  background  term  is  properly  interpreted.  The 
factor  of  2  accounts  for  the  doubling  of  signal-to-noise  ratio  resulting  from  addition 
of  the  two  photodetector  outputs.  With  regard  to  treatment  of  background,  our  analysis 
assumes  that  the  received  background  power  is  divided  between  the  two  photodetectors, 
while  in  the  system  considered  by  Pratt,  all  the  background  power  (his  Pg)  is  incident 
on  the  one  photodetector.  In  that  system,  it  would  be  possible  to  reduce  the  background 
by  one-half  by  inserting  a  polarization  analyzer  ahead  of  the  photodetector  and  orient¬ 
ing  it  to  match  the  polarization  of  the  received  laser  signal.  With  that  arrangement, 
the  background  parameter  Pg  would  be  replaced  by  PR/2  and  the  resulting  expres¬ 
sion  would  be  in  agreement  with  ours,  except  for  the  factor  of  2  already  discussed. 

As  an  example  of  the  use  of  Eq.  (37),  we  use  the  same  conditions  that  were  used  in 
the  example  in  Appendix  C,  Section  2,  namely,  P£  =  1  x  10”  ,  m  =  0.9,  Kg  =  0, 

Fd  =1.0,  and  FT  =  0.  From  Eq.  (37)  we  find  that  the  required  value  of  ER/r)o  is 
11.  32.  Using  this  value  in  Eq.  (35)  together  with  the  constants  given  above,  we  find 
that  the  required  number  of  photoelectrons  in  decision  time  r  is  Kg  =  112.  Accord¬ 
ingly,  the  number  required  per  data  bit  (as  defined  in  Appendix  C)  is 

=  Kg/2  =  56.  This  value  is  seen  to  be  about  10%  smaller  than  the  value  obtained 
in  Appendix  C  by  use  of  the  Chernoff-bound  statistics  developed  in  Appendix  B.  It 
is  interesting  to  note  that  the  alternate  analysis  of  subcarrier  systems  given  in 
Appendix  B,  based  on  the  "tilted  probability  distribution"  method  indicates  that  the 
Chemoff  bound  method  is  somewhat  more  than  10%  pessimistic  in  terms  of  the 
required  photoelectron  count  indicated.  Therefore,  it  is  believed  that  the  Gaussian 
statistics  approximation,  although  giving  values  below  those  obtained  by  use  of  the 
Chemoff  bound  method,  are  still  on  the  conservative  side. 
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INSENSITIVITY  OF  SATELLITE 
ORIENTATION  ON  THE  RECEPTION 
OF  POLARIZATION-MODULATED  SIGNALS 
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Section  1 
INTRODUCTION 


In  a  space  data  relay  subsystem  (SDRS),  the  constraints  on  satellite  orientation  should 
be  kept  to  a  minimum  to  ensure  ease  of  operation.  Therefore,  the  modulation  format 
should  be  so  chosen  that  the  received  signal  is  independent  of  the  relative  orientation 
between  the  transmitter  and  the  receiver. 

One  such  format,  the  polarization  modulation  format  proposed  by  LMSC,  fulfills  this 
reciuirement  and  has  been  discussed  briefly  under  Task  2,  Vol,  II,  of  this  final  report. 
There,  it  is  shown  through  heuristic  arguments  that  the  received  signal  strength  is 
not  orientation  dependent;  however,  no  analysis  is  given.  In  this  appendix,  detailed 
analyses  of  the  effects  of  satellite  orientation  on  received  signal,  in  terms  of  static 
optical  propagation  and  microwave  modulation,  are  given.  For  completeness  and 
ease  of  reference,  a  physical  description  of  the  transmitter /receiver  configuration 
and  a  geometrical  construction  method  are  also  given. 
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Section  2 

PHYSICAL  DESCRIPTION 


Using  the  polarization  modulation  format,  the  birefringent  electrooptic  (EO)  modula¬ 
tor  crystal  is  zero-  or  half-wave  biased  optically.  Thus,  without  any  modulation 
voltage  on  the  crystal,  linearly  polarized  light,  polarized  at  45“  to  the  birefringent 
axes,  emerges  as  linearly  polarized  light  after  traversing  the  modulator.  On  the 
other  hand,  if  positive  or  negative  quarter-wave  voltage  is  applied  to  the  crystal,  <he 
output  at  the  modulator  will  be  right-hand  or  left-hand  circularly  polarized .  At  the 
receiver,  the  combination  of  a  quarter-wave  plate  and  a  polarization  beam  splitter 
then  directs  the  appropriate  amount  of  optical  power  to  the  proper  photodetectors 
according  to  the  modulation  voltage.  The  situation  is  shown  schematically  in  Fig.  1. 

Before  going  through  the  detailed  analysis,  it  is  interesting  to  note  that  geometrical 
construction  may  be  used  to  show  how  the  loci  of  the  optical  electric  vector  appear  at 
various  points  of  the  transmitter  and  the  receiver  at  different  phases  of  the  modulation 
cycle.  These  are  shown  in  Figs.  2,3,  and  4,  in  which  a  sinusoidal  modulation  volt¬ 
age,  of  peak  value  equal  to  the  quarter- wave  voltage  of  the  modulator,  is  assumed. 
Figure  2  shows  the  case  in  which  the  modulator  axes  in  the  transmitter  are  aligned 
with  the  quarter-wave  plate  axes  in  the  receiver;  Fig.  3  shows  the  case  in  which  the 
two  sets  of  axes  are  at  45°  to  each  other;  while  Fig.  4  shows  the  general  case  in  which 
the  two  sets  of  axes  are  at  an  arbitrary  angle  6  to  each  other.  The  polarizing  beam 
splitter  axes  are  oriented  at  45°  to  the  quarter- wave  plate  axes  in  all  cases,  however. 
The  construction  is  accomplished  by  considering  the  polarization  states  of  the  optical 
electric  vector  at  various  modulation  phases  and  then  taking  the  projection  along  the 
appropriate  axes  as  the  light  propagates  through  the  quarter- wave  plate  and  the  polari¬ 
zation  beam  splitter.  From  Figs.  2,3,  and  4,  it  is  clear  that,  while  the  polarization 
states  at  various  components  may  vary  with  the  relative  orientation  0  between  the 
transmitter  and  the  receiver,  the  amplitudes  of  optical  electric  vector  received  at  the 
two  photodetectors  do  not  change  with  orientation  6  . 
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This  construction  has  been  made  by  assuming  d  to  be  static;  that  is,  the  orientation 
between  the  satellites  is  not  time  varying.  In  the  next  section,  a  time-varying 
8  =  0(t)  will  be  considered.  It  will  be  shown  that  the  results  are  still  the  same. 
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Fig.  2  Behavior  of  Optical  Electric  Vectors  at  Various  Trans¬ 
mitter  and  Receiver  Components  Over  a  Modulation 
Cycle:  Modulator  Axes  in  Transmitter  Aligned  With  the 
Quarter-Wave  Plate  Axes  in  the  Receiver 
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Fig.  4  Behavior  of  Optical  Electric  Vectors  at  Various  Trans¬ 
mitter  and  Receiver  Components  Over  a  Modulation 
Cycle:  Modulator  Axes  in  Transmitter  Oriented  at  an 
Arbitrary  Angle  0  to  the  Quarter-Wave  Plate  Axes  in 
the  Receiver 
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Section  3 
ANALYSIS 


Consider  the  EO  crystal  and  the  optical  E-vector  Eq  as  shown  in  Fig.  5. 


Fig.  5  Relationship  Between  the  Input  Light  Vector  E0  and  the  Birefringent 
Axes  of  the  EO  Crystal 


It  is  clear  that 


E0(y)  - 


1  E  e 
z 


j(w0t  -  Pzy) 


1  E  e 
x 


j(^0t-  /3xy) 


(i) 


where 


unit  vectors  along  z  and  x  directions,  respectively 

component  of  optical  E-vector  at  the  input  of  the  crystal,  polarized 

along  x  and  z  axes  =  E 

n  o 
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'  ^x 


=  optical  radian  frequency 

=  optical  propagation  constants  for  light  polarized  along  the  z  and 
x  axes,  respectively,  and  are  functionsof  modulation  voltage 


At  the  output  face  of  the  crystal,  y  =  £  ,  and  the  light  vector  is  given  by 


E  (£)  =  Ee 
o'  ' 


j  woi  f *  -  ■  j/y  1 

[lz  e  +  L  e  J 


Now  and  are  given  by 


where 


„  w0  r,  i  2vm<t>  1 

Pz  =  T  ne  "  2ne—  r33j 

„  wo  f,  1  2vm(t)  1 

=  T  no  [X  -  2no~3~  r  13  J 


c  -  velocity  of  light  in  free  space 

ng  ,  nQ  =  refractive  indexes  of  extraordinary  and  ordinary  rays,  respectively 

vm(t)  =  modulation  voltage,  function  of  time 

d  =  crystal  thickness,  as  shown  in  Fig.  2 

r33  ’  r13  =  aPPr0Priate  EO  coefficients  of  the  EO  crystal 


Therefore,  Eq.  (2)  may  be  written  as 


E0W  =  E 


[  \  +  L  eXp  0  AF)]  6XP  | j  ["o1  "  T  ("e  -  k  ne  ~1T~  r3^£]  |  <5) 


where  AT  =  relative  phase  retardation  between  the  ordinary  and  extraordinary  rays 
and  is  given  by 


=  (*z  -  *x)  £  =  -f  [(ne  -  no)£  '  1  (fc  r33  -  no  rl3)  Vl>  l]  (6) 
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CJ 

At  0-bias,  —  (ne  -  nQ)  1  -  0  reducing  Eq.  (6)  to 


u; 


Ar  _  2c  (no  r13  “  ner33)dVm(t> 


(?) 


for  a  sinusoidal  modulation  voltage  v  (t)  =  V  sin  w  t  in  which  the  peak  voltage 

m  m  m 

Vm  is  the  quarter-wave  voltage,  i.e.  , 


m  /  3  3  \ 

Wo  (no  r13  ne  r33j 

where  V  is  the  half-wave  voltage,  Eq.  (7)  becomes 

7T 


(8) 


AT  =  7T  sin  w  t 
&  m 


(9) 


and  Eq.  (5)  becomes 


[Wxp(jISin  ^m1)] 


exp 


U)°  /  ■  1  3  £  ^TT 

“o'-T  V'2ne  r33dlTsin  “m1 


(10) 


Since  the  modulation  frequency  is  much  less  than  the  optical  frequency  ,  the 
modulation  phase  is  essentially  unchanged  in  a  given  short  interval  of  time  in  which 
the  optical  frequency  goes  through  many  cycles.  Therefore,  the  second  sin  u^t  in 
Eq.  (10)  appears  as  a  slowly  changing  optical  phase  while  the  first  sin  determines 
the  resultant  polarization  of  EQ(£).  Clearly  at  u  t  =  0  and  ir  ,  Eo(£)  is  linearly 
polarized  at  45°  to  the  7—  and  x-axes,  i.e.  ,  polarized  in  the  same  way  as, or  orthogonal 
to,  the  input  light.  At  w  t  =  tt/2  and  3tt/2,  AT  becomes  ±1.  That  is,  the  x-component 
of  the  field  (ordinary  ray)  either  leads  or  lacks  the  z-component  (extraordinary  ray)  by 
t\/2,  resulting  in  either  right-hand  or  left-hand  circular  polarization  at  the  output.  At 
intermediate  values  of  w  t,  the  output  is  elliptically  polarized.  These  polarization 
states  have  been  shown  in  the  second  row  of  Figs.  2,  3,  and  4. 


E-13 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

LOCKHEED  MISSILES  4  S  MCI  COMPANY 
A  GIOU'  DIVISION  Of  lOCKMLIC  A  I  ■  C  t  A  f  T  COtPOtATlO* 


LMSC-B290200-I1I 


In  passing  through  free  space  between  the  transmitter  and  the  receiver,  no  additional 
relative  phase  delay  between  the  ordinary  and  the  extraordinary  rays  occurs.  Therefore, 
Eq.  (10)  also  describes  the  field  quantities  at  the  input  of  the  receiver,  which,  for 
this  purpose,  may  be  considered  as  consisting  of  a  combination  of  a  quarter-wave  plate 
and  a  polarization  beam  splitter.  The  beam  splitter  axes,  rj ,  v ,  are  oriented  at  45° 
to  the  quarter- wave  axes  z'  ,  x'  ,  while  z'  and  x'  can  be  at  an  arbitrary  angle  which 
can  be  a  function  of  time,  fl(t)  ,  to  the  modulator  axes  z  ,  x  .  The  situation  is  as 
shown  in  Fig.  6. 


s' 


Eqs.  (9)  and  (10),  we  find 


Fig.  6  Angular  Relationships  Between 
Various  Optical  Axes  of  Trans¬ 
mitter  and  Receiver  Elements. 


Z  , 

x : 

Modulator  Axes 

Z' . 

x': 

Quarter- Wave  Plate 

Axes 

V  f 

v: 

Polarization  Splitter 

Axes 

as  A  —  B  sin  w^t ,  and  combining 


E  (£)  =  E 
o'  ’ 

i  +  i  e*r 

Z  X 

exp 

i  w  t  -  A+B  sin  u  t ) 

V  °  m/ 

l 

Therefore,  writing  in  terms  of  components  along  the  z'  x'  axes  of  the  retardation 
plate,  the  optical  E-field  at  the  input  of  the  receiver  is 


E0(y') 


=  E 


"(C 


cos  9  +  sin  9  e 


JAr)  *  v(- 


sin  9  +  cos  6 


A  +  B  sin  w  t) 
m 


(12) 
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where 


y*  =  coordinate  axis  along  the  thickness  of  the  retardation  plate 

0  -  0(t )  =  angular  misorientation  (can  be  a  function  of  time) 

A  A 

1  , ,  1  ,  -  unit  vectors  along  /. '  and  x!  axes,  respectively 
z  y 

Let  the  propagation  constants  for  light  polarized  along  the  z'  and  x'  axes  be  fi,  and 
ji  t  respectively,  and  let  the  retardation  plate  be  of  thickness  L.  Then 


Eo(L)  =  E  cos  0  ljt|l  +tan  0  e^AIj  +  lx,^-  tan  0  +  e 

[j(w0t  -  A  +  B  sin  wmt  -  ,„LJ 


for  a  quarter-wave  plate,  (/3x,  -  /3^ , )  L  =  ,  and  Eq.  (13)  simplifies  to: 

Eq(L)  =  E  cos  6  lz,^L  +  tan  0  eiATj  -  j  ix,(- tan  0  +  e jAF) 
exp  j|  wQt  -  (A +/?z,L)  +  B  sin  wmt 


where  it  should  be  recalled  that  0  =  0(t)  and  AT  =  AT  (w  t). 

As  the  light  enters  the  polarization  splitter,  the  component  along  the  rj  axis,  , 
is  given  by 


|l  +  tan  0  e^Arj- j  -  tan  0  +  e^Alj  j 

A 


E  =  E  cos  6  •  cos  45°  \  1 1  +  tan  6  e 


exP  j  wQt  -  (A  +  0Z,L)  +  B  sin 


1  \  2  2  2 

1  +  sin  Ar)  +  cos  AT 


expijU  t  -  (A  +  0  ,L)  +  B  sin  u>  t  +  0  +  it 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

LOCKHEED  MISSILES  1  SPACE  COMPANY 
A  G»OU*  DI»iHOn  Of  IOCIHHD  Al«(»*M  CO«PO»A1iON 


LMSC- 11290200-  111 


whore  4  =  <i  (w  t)  -  tun 
x  m 


-1 


-  cos  Al'  (w  t) 
_ '  m  ’ 

l  +  sinAr(u>  t) 
'  m  ' 


or 


vT 


J. 

\ 

•j 

■i  sin  A1  j 
/ 

“  exp' 

j 

V  ~(A  ’  4'L)  "  B 


r  ,  / 

_i 

/  r  \ 

•> 

1  +  sin  -r  sin  w  t\ 

L  l2  m  IJ 

~  exp 

j 

m 


sin  w  i  +  o  +  i 
m 


m 


(16) 


Similarly,  the  component  of  light  along  the  e-axis  is  given  by 


E  =  E  cos  0  cos  45 c 
v 


■  exp 


- 1  1  +  tan  e 


■  'A')  ‘  .( '■ 


il  -  tan  0  +  e 


jAr 


a  t  -  (A  +  0  ,L)  +  B  sin  cj  t 
o  '  z’  '  m 


l  ‘ 

/  V 

l 

J) 

E 

V2 

(2-2  sin  Arl 

2 

exp 

j 

w  t  -  (A  fi  ,L)  +  B  sin  w  t  +  tt  -  &  +  f ' 

0  Zi  m 

where  a 1  =  t)  =  tan 

m 


cos  AT  (w  t) 
m  ' 


1  -  sin  Af  (d  t; 


(IT) 


or 


Er  =  E 


-  sin  sin  u  t) 
m  / 


■  exp 


u>  t  +  B  sin  u  t  -  0(t)  +  e  ’  fee  t)  -  (A  +  (1  ,L)  +  it 
o  m  w  '  m  '  v  z '  ’ 


(18) 


From  Eqs.  (16)  and  (18),  it  is  clear  that  the  orientation  between  satellites,  o(t),  will 
only  affect  the  phase  of  the  optical  carrier  and  not  the  phase  of  the  microwave  sub- 
carrier.  In  practice,  0(t)  is  a  very  slowly  varying  function  of  time  (typically  in  the 
Hz  range)  so  that  its  effect  on  the  optical  phase  is  negligible.  The  amplitudes  of  the 
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eLectric  fields  directed  to  the  photodetectors  (see  Fig  1),  E^  and  E^,  are  independent 
of  6(t).  Since  photodetectors  respond  to  intensity  only,  one  detector  will  receive  an 
intensity  of  1/2  EE*  while  the  other  will  receive  EE*.  Now. 

3  TJ  t)  V  V  ' 


E  E 
V  »? 


1  +  sin) 


|  sin  “Jj\  =  ^  1  Jn(f)sin  n 


where  J  is  Bessel's  function  of  the  first  kind,  nth  order, 
n 


*  2 
EE  =  E 
v  v 


1  -  sin^f  sin  c^j  =  E2[l  -^2  j/f^sin  n^t 


(19) 


(20) 


Equations  (19)  and  (20)  give  the  intensities  as  seen  by  photodetectors  and  contain  all 
the  harmonics  of  the  modulating  frequency.  Subsequent  filtering  at  the  receiver  allows 
only  the  fundamental  components  to  be  amplified.  That  is,  the  signal  from  Photodetector 
No.  1,  1  ,  after  filtering,  may  be  written  as 


W> 


UJ a 

isin  w  t 

il2; 

m 

\  / 

while  that  from  Photodetector  No.  2,  S2,  is  given  by 


(21) 


,  (w  t) 
S'  m  ' 


(22) 


where  ^  ,  k2  are  proportionality  constants  and  ideally,  k1  =  kg  .  It  can  be  seen 
that  the  photodetector  output  currents,  I,  and  I„,are  180°  out  of  phase.  Bv  taking 
the  difference  between  1^  and  ,  the  total  signal  current,  I ,  is 


4  kE2 


(23) 


assuming  that  k^  =  k2  =  k  .  That  is,  the  signal  finally  used  in  the  receiver  is  double 
that  from  each  channel. 
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Section  4 
CONCLUSIONS 


From  the  geometrical  construction  and  the  analysis,  it  is  clear  that  using  this  modu¬ 
lation  format,  the  received  signals  are  independent  of  satellite  orientation,  so  long  as 
in  the  receiver  the  relative  axes  of  the  quarter-wave  plate  and  the  polarization  beam 
splitter  are  oriented  at  45“  to  each  other.  Since  this  is  a  simple  design  requirement 
in  the  receiver,  no  problem  should  ever  arise.  The  only  effect  of  satellite  orientation, 
which  in  general  will  be  a  slowly  varying  function  of  time,  appears  as  a  slowly  varying 
term  in  the  optical  phase,  which  is  not  detected  at  the  photodetectors.  Therefore,  It 
is  concluded  that  using  the  modulation  format,  no  special  constraint  on  satellite  orien¬ 
tation  needs  to  be  applied. 
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Appendix  F 

TRANSMITTING  BEAM  OPTICS  THEORY 
by 

Dr.  R.  C.  Ohlmann 
Dr.  A.  D.  MacDonald 


wo  assume 


In  a  calculation  of  the  power  received  by  a  distant  antenna  of  diameter  , 
that  the  laser  emits  in  a  TEM  mode  with  a  Gaussian  amplitude  distribution  and  plane 
wavefront  The  laser  output  is  expanded  without  aperturing  more  than  0.5%.  until  it 
reaches  the  transmitting  lens  of  diameter  D^,  ■  The  following  calculation  determines 
the  peak  intensity  1^  ,  or  the  power  per  unit  area  reaching  the  receiving  antenna,  and, 
for  a  small  compared  with  the  beam  diameter  at  the  receiver,  also  determines  the 

received  power  P  in  terms  of  the  transmitted  power  P_  . 

R  1 


The  sketch  below  shows  the  optical  system  of  the  transmitter,  simplified  to  a  single 
lens  of  radius  a  =  D^,/2  .  We  use  Kirchhoff's  formulation  to  determine  the  intensity  at 
the  receiver,  which  requires  a  definition  of  the  amplitude  of  the  wave  U  such  that 


The  light  amplitude  on  plane  L  is  given  by 

2,  2 

P  'UQ  p  <  a 

=  0  p  >  a  (1) 
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Ill 


whore  w  is  the  waist  radius  ol'  the  Gaussian  beam  at  the  lens. 

o 


then  gives  the  distribiuion  at  the  receiver,  .  as 


Kirchholi's  tormulatiun 


2-  a 

'  2ri />!>., 

i  W  “  Fr 

1  j  V(j>)  exp 

[-  AR  C,,S  &  -  °2>j 

p  dp  do 

0  o 


where  o  and  o.,  are  the  angle  coordinates,  R  is  the  range,  and  X  is  the  wavelength. 
Substituting  Eq.  (1)  and  integrating  over  O  gives 


ur(p2) 


(»*  iy 


1/2 


XR 


2)  -p2/^  , 

- '  e  °  p  dp 


. .  I, 


l.MSC  111 
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In  the  special  case  where  (kw^/2)  <  1  and  is  near  optimum  bo  that  «"<  aH  , 
Eq,  (7)  becomes 


w 


UR(°) 


p-P2/-2 


(8) 


where  w.,  =  AR//ruj 
2  o 

For  a  given  value  of  a  ,  the  term  UR(0)  can  be  maximized  with  respect  to  variations 
ol'  ,  holding  a  constant,  by  solving  the  equation  (d/dw^)  UR(0)  =  0; 


U  (0)  =  Cu,’o  (l  -  e"a  ^oj  with  C  =  Quio 


Numerical  solution  of  the  resulting  equation  yields  wq  =  0.89a  =  0.445  D^, . 
Substitution  of  this  value  in  Eq.  (6)  leads  to  the  result 


UR(°) 


opt 


(2-57  PT) 


1/2 


a 

\R 


(9) 


F-5 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

LOCKHEED  MISSILES  1  SPACE  COMPANY 

A  0*0UP  0  I  v  |  }  I  O  n  Of  lOCXHIlD  AIRCRAFT  CORPORATION 


l.Msr  in 


tnd  the  intensity  lR^up,j  -  !l'R(t>)  j  is  given  In 


hi^Kvi 


2.57  P  ;r  1>  1)“ 

or  0.612  — j- — r 


A“ir 


a~H' 


<«<») 


The  received  power  is  P  ■■  r/1  I)R1R  ,  or 
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For  small  ,o,(  ,  or  under  the  conditions  lor  width  K<j.  ((i)  is  valid, 
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and  when  DR/2w9  is  large  enough  so  that  only  the  two  leading  terms  of  the  exponential 
are  needed,  Fq.  (12)  reduces  to 
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the  same  as  Eq.  (11)  Comparison  with  the  link  equation, 
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where  GT  =  7),^  (rcD,p/\)2  and  c  (nD^/A)2  ,  leads  to  a  value  of  =0.  82  multiplied 
by  the  transmittance  of  the  optical  system. 

Finally,  a  heamwidth  is  defined  as  the  full  width  at  half-intensity  of  the  beam. 

The  angular  dependence  of  intensity  can  be  obtained  from  Eq.  (8)  by  setting  0  --  p  /H  . 


1(0)  »  1(0)  e 


2 02/o\ 


where 


=  0.714  ~- 
tt  Dt 


for  the  optimum  case  where  =  0.89a  =  0.445  DT  . 

The  beamwidth  yFWHp  is  equal  to  twice  the  angle  0  at  which  I(0)A(0)  =  1/2  if 
this  is  calculated  from  Eq.  (13)  for  optimum  t ,  we  obtain 


eFWHP  *  118  *2  "  0842£ 


However,  Eq.  (13)  is  modified  somewhat  when  we  use  the  exact  expression  for  the 
intensity  and  becomes 

1(0)  =  1(0)  e"  26  /62  T2  (0)  (: 
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On  the  basis  of  these  expressions,  the  lull  width  half-power  angle  can  he  found  by 
iteration,  with  the  result  that 


"  1- Will1 
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For  a  diameter  ol  lit)  etn  and  a  wavelength  of  0 . 33  f ,  ()  wnp  “  dt)  f‘ra<'- 


The  beam  intensity  or  power  per  steradian  is  given  by 
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n; 


1 . 24 


—  P 
2  *T 


(lb) 


and  the  average  radiance  of  the  source  N  ,  in  watts  per  steradian  per  square  meter 
is 


8"o  PT 


for  optimum  conditions. 


Another  quantity  of  interest  is  the  off-axis  gain.  This  is  directly  related  to  the  inten¬ 
sity  as  a  function  of  angle  0  .  Equation  (15)  gives  this  relationship,  which  is  plotted 
in  Fig.  2  with  I(0/&o)/I(O)  shown  as  a  function  of  0/0,  .  Note  that  when  6  =  0.  &  09  , 
the  intensity  is  down  by  3  dB,  in  agreement  with  Eq.  (17).  The  first  side  lobe  maxi¬ 
mum  for  an  "optimally”  truncated  Gaussian  is  down  25.2  dB,  and  occurs  at  t)  ~  2.6 
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Section  1 
INTRODUCTION 


Background  sources  of  possible  Importance  Include  the  sun,  moon,  planets,  stars,  and 
various  sources  associated  with  the  earth.  The  last  of  these  include  sunlit  clouds, 
atmospheric  aerosols,  and  the  earth's  surface.  The  most  intense  of  these  earth-related 
sources,  sun  reflection  from  the  ocean,  is  analyzed  in  Appendix  H.  Accordingly,  this 
report  will  deal  only  with  the  other  sources.  Backgrounds  due  to  atmospheric  and  cloud 
scattering  will  be  considered  first,  and  in  the  greatest  detail,  as  these  are  the  ones 
most  likely  to  be  encountered  in  practice.  Then  data  representative  of  the  nonterrestrial 
sources  will  be  presented. 
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Section  2 

SKY  BACKGROUND  SOURCES 


There  are  four  cases  to  be  considered  in  which  sky  or  cloud  backgrounds  may  affect 
operation  of  the  links.  The  first  is  that  of  a  receiver  on  the  ground,  with  the  laser 
transmitter  in  a  satellite.  The  background  is  clear  sky  or  thin  clouds  through  which 
communications  can  be  received.  In  the  second  case,  the  transmitter  and  receiver  are 
interchanged;  and  the  third  case  is  that  of  a  low -altitude  satellite  transmitting  to  a 
high-altitude  satellite.  In  the  last  two  cases,  sunlight  reflected  by  clouds  is  the  back¬ 
ground  of  interest.  Important  variables  to  be  considered  are  the  laser  wavelength, 
cloud  types,  and  whether  the  receiver  is  looking  at  transmitted  or  reflected  background 
radiation.  The  laser  systems  studied  operated  in  the  visible  or  near -infrared. 

2. 1  RADIATION  OF  THE  CLEAR  SKY  -  THEORETICAL  DATA 

The  radiance  of  a  cloudless  sky  as  seen  from  the  ground  is  determined  by  scattering 
from  molecules  and  aerosols  in  the  atmosphere.  It  is  also  influenced  by  the  reflection 
properties  of  the  ground  because  radiation  reflected  from  the  ground  can  be  scattered 
back  into  the  field  of  view  of  the  receiver  by  the  atmosphere. 

Scattering  by  molecules  is  described  by  Rayleigh's  law.  A  discussion  of  the  scattering 
properties  of  molecules  and  aerosols  is  given  in  Bullrich  (Ref.  1).  Rayleigh  scattering 
is  the  dominant  mechanism  only  on  extremely  clear  days;  thus,  it  sets  a  lower  limit  on 
the  radiance  of  a  clear  atmosphere.  The  scattering  properties  of  aerosols  depend 
largely  on  the  number  and  size  distribution  of  the  aerosol  at  each  altitude.  Theoretical 
analyses  integrate  the  complicated  Mie  scattering  functions  over  analytical  size  distri¬ 
butions.  Figure  1  shows  the  scattering  functions  for  molecular  (Rayleigh)  and  aerosol 
(Mie)  scattering  (Ref.  2).  The  aerosol  scattering  function  is  for  a  typical  aerosol  size 
distribution.  The  curves  are  normalized  so  that  the  integral  over  4t  sr  is  unity.  The 
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strong  forward  scattering  by  the  aerosols  is  typical  of  aerosol  and  cloud  scattering. 

Only  for  small  scattering  angles  is  the  scattering  function  strongly  dependent  on 
wavelength. 

Figure  2,  from  Ref.  2,  presents  the  results  of  theoretical  calculations  of  reflected  and 
transmitted  radiance  for  a  cloudless  sky.  The  data  on  which  Fig.  2  is  based  were  taken 
from  Ref.  3,  and  Monte  Carlo  techniques  were  used  to  include  the  effects  of  multiple 
scattering.  The  calculations  used  the  aerosol  scattering  function  in  Fig.  1.  The  incident 
solar  flux  is  normalized  to  a  value  of  unity  at  each  wavelength.  This  permits  evaluation 
of  relative  effects  at  each  wavelength,  and  also  simplifies  interpolation  between  the 
wavelengths  given.  Notice  that  the  difference  between  0.4  and  0  7  pm  is  considerable 
but  that  there  is  little  difference  between  0.7  and  1.67  pm.  The  circles  with  the-  dot  in 
the  center  indicate  the  position  of  the  sun.  The  effect  of  the  ground  albedo  is  seen  to 
be  sizable.  The  largest  value  (0.  8)  is  representative  of  fresh  snow  while  the  lower 
values  correspond  to  forest. 

The  spectral  solar  constant  is  required  to  calculate  absolute  values  from  Fig.  2.  The 
latest  revised  values  (Rei.  4)  are  plotted  as  a  function  of  wavelength  in  Fig.  3.  The 
value  of  the  solar  constant  at  the  laser  wavelengths  of  interest  can  be  determined  from 
this  figure. 

2.  2  RADIANCE  OF  THE  CLEAR  SKY  -  EXPERIMENTAL  DATA 

Clear  sky  radiance  has  been  measured  at  several  locations.  The  most  relevant  of 
these  appears  to  be  a  series  of  measurements  at  Haleakala,  Hawaii,  by  Bullrich  and 
Eiden  (Ref.  5).  The  measurements  were  made  on  the  summit  of  the  crater  of  the 
extinct  volcano,  Haleakala,  on  the  island  of  Maui.  The  latitude  is  23C,43'N,  and  the 
altitude  is  3400  m  above  sea  level.  Figures  4,  5,  and  6  show  the  distribution  of  sky 
irradiance  at  three  different  wavelengths.  The  values  at  A  ~  1. 06  pm  were  sca^ea 
from  those  at  A  =  0.848  pm,  using  spectral  solar  constants  from  Fig.  3.  This  pro¬ 
cedure  was  based  on  Fig.  2,  which  indicates  that  the  only  difference  would  be  that  due 
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Downward  and  Upward  Radiance  Computed  by  Monte  Carlo  Techniques.  Dashed  curves  are  for  the 
sun  in  the  zenith:  solid  curves  are  for  the  sun  at  6  ~  86.  3° .  The  indicated  parameter  is  the  surface 
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to  the  difference  in  solar  radiation.  At  the  time  ol  the  measurements,  the  sky  undcr- 

\ 

neath  the  observation  site  was  covered  wit  i  clouds.  In  a  trade  wind  situation,  clouds 
typically  develop  below  a  temperature  inversion.  The  clouds  increase  the  overall 
brightness  of  the  sky,  as  Indicated  in  Fig.  2.  A  direct  comparison  of  these  measure¬ 
ments  with  Fig.  2  is  not  possible  because  of  the  difference  in  solar  angles.  The  minima 
shown  hi  Fig.  2  also  are  found  in  the  measured  values.  Other  measurements  indicate 
that  when  more  aerosols  are  present,  the  intensity  is  higher  but  distribution  is  more 
uniform  (Hef.  0). 

2.3  RADIANCE  TRANSMITTED  THROUGH  CLOUDS 

Radiation  from  clouds  Is  more  difficult  to  characterize  due  to  the  great  variability  of 
size  distribution  and  thickness  of  clouds.  The  geographical  location  affects  both  the 
amount  of  cloud  cover  and  the  type  of  cloud  present.  Some  of  the  relevant  physical 
properties  of  clouds  will  be  discussed,  and  a  few  examples  of  the  radiative  properties 
of  clouds  will  be  given. 

Laser  communication  through  clouds  with  the  restrictions  on  size  and  power  imposed 
by  satellites  requires  a  relatively  small  attentuation  of  the  laser  beam.  A  cloud  with 
an  optical  thickness  r  attenuates  the  incident  radiation  by  c~ '  .  For  a  cloud  through 
which  one  can  just  see  the  disk  of  the  sun,  r  is  less  than  10.  Most  of  the  radiation 
reaching  the  ground  through  clouds  thicker  than  this  is  scattered  radiation.  The  optical 
thickness  of  thicker  clouds  can  be  estimated  by  the  following: 

_  light  from  sun  reaching  ground  without  cloud 
'  ~  x  light  from  sun  with  cloud 

The  optical  thickness  of  clouds  is  usually  less  than  100  (Ref.  7).  More  information 
can  be  obtained  from  Ref.  8.  Optically  thick  clouds  are  relevant  to  this  study  for  their 
reflective  properties. 
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Optical  communications  may  be  feasible  through  thin  cirrus  and  noctllucent  clouds. 
Therefore,  the  backgrounds  presented  by  these  clouds  are  important.  Cirrus  and 
probably  noctilucent  clouds  are  composed  of  ice  crystals  instead  of  water  drops. 
Noctllucent  clouds  usually  are  observed  in  the  summer  between  the  latitudes  of  45“ 
and  80- N.  Nearly  always  they  form  waves  and  resemble  high,  thin,  cirrus  clouds  in 
appearance.  These  clouds  are  so  thin  optically  that  bright  stars  shine  through  them. 
Noctilucent  clouds  form  at  an  altitude  of  about  80  km  and  are  probably  not  more  than  a 
few  kilometers  thick  (Ref.  9). 

There  are  significant  differences  in  the  scattering  of  infrared  radiation  by  ice  and 
water  droplet  clouds.  These  differences  are  due  to  the  larger  size  of  the  ice  crystals 
and  to  the  different  real  and  imaginary  parts  of  the  index  of  refraction  for  ice  and 
water.  A  difficulty  in  making  theoretical  calculations  is  that  the  ice  particles  are  flat, 
so  that  the  Mie  theory  (for  spherical  particles)  is  of  questionable  applicability.  This 
difficulty  is  somewhat  mitigated  if  it  can  be  assumed  that  the  ice  particles  are  randomly 
oriented,  so  that  the  average  scattering  function  is  that  of  a  spherical  particle;  the 
validity  of  this  assumption  is  uncertain,  however.  A  theoretical  discussion  of  the 
differences  between  ice  and  water  clouds  is  given  in  Ref.  10. 

Plass  and  Kattawar  (Ref.  11)  used  Monte  Carlo  techniques  to  study  optically  thin  water 
and  ice  clouds.  Figures  7  and  8  present  the  transmitted  radiance  at  several  different 
wavelengths  for  optical  thicknesses  of  1  and  10.  An  incident  solar  flux  of  unity  is 
assumed.  Values  at  wavelengths  of  interest  can  be  found  by  interpolating  between  the 
wavelengths  given  and  using  the  solar  flux  given  in  Fig.  3. 

2.4  RADIANCE  REFLECTED  BY  CLOUDS 

The  background  seen  by  a  high-altitude  satellite  is  the  earth's  surface  or  clouds.  The 
albedo  of  the  ground  is  important  in  determining  the  reflected  radiance  for  optically 
thin  clouds.  Figures  9  and  10  present  the  results  of  theoretical  calculations  of  reflected 
radiance  for  water  and  ice  clouds  (Ref.  12).  Figure  11  shows  the  reflected  radiance 
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Fig.  7  Transmitted  Radiance  as  a  Function  ot  B  for  Ice  and  Nimbostratus  Cloud  Models 
With  Sun  at  Zenith;  A  =  0  and  0.8;t  =  1;A=0,7  and  2. 1  /j 
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Fig. 


Transmitted  Radiance  as  a  Function  of  9  for  Ice  and  Nimbostratus  Cloud  Models 
With  Sun  at  Zenith;  A  =  0  and  0. 8;  t  =  10;  X  =  0. 7  u,  1.7  n,  and  2.1^ 
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Fig.  9  Reflected  Radiance  as  a  Function  of  6  for  Ice  and  Nimbostratus  Cloud  Models 
With  Sun  at  Zenith;  A  =  0,  0.2,  0.8;  r  =  1;  X  =  0.7  /j,  1.7(i,  and  2.1^ 
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Fig  10  Reflected  Radiance  as  a  Function  of  9  for  Ice  and  Nimbostratus  Cloud  Models 
With  Sun  at  Zenith;  A  =  0  and  0. 8;  t  =  10;  X  =  0.7  1.7  n,  and  2.1  n 
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at  X  =  0.7  um  for  two  different  sum  angles  (Ref.  2).  These  figures  are  normalized 
to  a  solar  flux  of  unity.  Figure  3  can  be  used  to  determine  the  absolute  value  of  the 
radiance  at  a  desired  wavelength.  If  the  clouds  were  ideal  diffuse  radiators,  the  plots 
in  Figs.  9  through  11  would  be  horizontal  straight  lines.  Strong  forward  scattering 
produces  the  variations  from  a  straight  line  ir  these  plots. 

The  backscattering  and  attenuation  coefficients,  per  unit  length,  are  given  for  eight 
water  cloud  models  in  Ref.  12.  Also,  variations  in  these  optical  properties  are 
discussed.  The  backscattering  coefficients  given  there  can  be  used  to  calculate  the 
reflected  radiance  for  the  sun  at  the  zenith  if  the  albedo  of  the  ground  is  ignored. 

Measurements  of  the  reflected  radiance  from  clouds  were  made  in  an  airplane  flying 

at  13. 1-km  altitude  (Ref.  13).  Figures  12  and  13  show  the  reflected  radiance  as  a 

function  of  wavelength  for  a  cirrus  and  cirrostratus  cloud.  These  measured  values 

can  be  compared  with  the  theoretical  values  of  Fig.  10  at  a  =  0.7  /cm.  Using  the 

-2  -1  -1 

solar  irradiance  in  Fig.  3  yields  values  of  0.04  and  0.02  W-m  -sr  -A  for  albedos 
of  0.  8  and  0.  0,  respectively.  Assuming  an  atmospheric  trrnsmission  of  70%  gives 
values  of  0.  028  and  0. 014  W-m^-sr^-A'1,  which  bracket  the  range  of  experimental 
values.  A  more  exact  comparison  is  not  possible  because  neither  the  optical  thickness 
of  the  clouds  nor  the  ground  albedo  was  measured  in  the  experiment  that  provided  the 
values  shown  in  Figs.  12  and  13. 
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Fig.  12  Reflectance  of  a  Cirrus  Deck  at  Fig.  13  Reflectance  of  a  Cirrostratus 
12.80  km  Deck  at  8.20  km 
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Section  3 

EXTRATERRESTRIAL  BACKGROUND  SOURCES 


The  spectral  radiance  of  sources  such  as  the  sun,  the  planets,  and  the  moon  can  be 
derived  readily  from  data  available  In  the  literature  (Refs.  14,  15).  Values  for  the 
radiance  of  direct  sunlight  were  calculated  by  assuming  the  sun  to  be  a  5900“  K  black- 
body.  The  irradiance  of  a  2nd-magnitude  star  also  assumed  a  5900° K  blackbody. 

An  11,000*  K  blackbody  was  used  for  Sirius. 

The  radiances  of  the  moon  and  sunlit  cloud  were  obtained  from  the  solar  irradiance 
in  Fig.  3  and  the  assumption  of  a  Lambertian  (diffuse)  scattering.  In  accordance  with 
this  assumption,  the  solar  irradiance  was  multiplied  by  the  albedo  and  then  divided 
by  tt  to  convert  to  radiance.  Results  of  these  rough  calculations  of  cloud  radiance 
are  given  in  Table  1.  They  are  in  reasonable  agreement  with  the  measured  values 
given  in  Figs.  12  and  13. 

Solar  irradiance  incident  on  Venus  was  calculated  by  multiplying  the  values  in  Fig.  3 
by  the  square  of  the  ratio  of  the  radius  of  the  earth's  orbit  to  the  radius  of  Venus' 
orbit.  Multiplication  by  albedo/ir  gives  the  radiance  values  in  Table  1 .  The  values 
given  for  Venus  must  be  used  with  caution,  since  they  apply  only  if  the  disk  of  the 
planet  fills  the  field-of-view  of  the  receiver.  Since  the  angular  size  of  Venus  as  seen 
from  the  earth  varies  from  9.9  to  64. 5  arcsec,  the  values  given  are  generally  appli¬ 
cable  only  for  systems  having  angular  fields  appreciably  less  than  9  arcsec.  The 
difference  in  units  between  the  point  sources  and  the  extended  sources  should  be  noted 
and  appropriate  allowance  made  in  using  these  values  to  calculate  received  background 
power. 
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Table  1 

BACKGROUND  RADIANCE  OF  EXTENDED  SOURCES  (Ip 

AND  IRRADIANCE  OF  STARS  (IN  W-m^-A*1) 


Background 

Source 


Wavelength  (^m) 


0,  53 

0.633 

0.86 

1.06 

2.90  x  103 

2.  55  x  io3 

1.  58  X  103 

0.99  x  103 

4.1  x  10-2 

3.5  x  10'2 

2.2  x  10~2 

_2 

1.5  x  10  4 

4.3  x  10"3 

3.7  xio'3 

2.3  x  10~3 

1.  6  x  10~3 

8.5  x  10"2 

-2 

7.3  x 10 

4.5  x  10'2 

3.  1  x  10‘2 

1.8  x  io“n 

1.  16  x  10-11 

0.5  x  IO-11 

0.  25  x  10'11 

6.4  x  Rf13 

IQ 

5.6  y  10 

3.5  x  10~13 

2.2  x  IO"13 

Extended  Sources 

Direct  Sunlight 

Sunlit  Cloud 
(Albedo  =  0.7) 

Moon 

(Albedo  =  0.073) 
Venus 

(Albedo  =  0.76) 

Point  Sources 
Sirius 

2nd- Magnitude  Star 
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THE  OCEAN  SURFACE 
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We  wish  to  calculate  the  apparent  brightness  of  the  image  of  the 
sun  as  seen  reflected  from  the  ocean  surface.  The  brightness  is  re¬ 
duced  by  two  factors  -  first  the  low  reflectivity  p(9),  and  second,  the 
fact  that  the  ocean  surface  is  rough  so  that  only  a  fraction  of  the  surface 
viewed  will  provide  a  specular  reflection.  We  use  9  to  denote  the  zenith 
angle  of  the  sun  at  the  reflection  point. 

In  our  calculations,  we  make  use  of  the  fact  that  if  the  ocean 
surface  were  perfectly  flat  and  had  unity  reflectivity,  “we  would  see  the 
solar  image  at  full  brightness,  which  is 


2.  4 

x  103 

W/cm^-u  -ster 

X  »  0.  5  3  u 

9.  5 

x  102 

W/cm^  -  W  -  ste  r 

@ 

X  •  1.  06  u 

We  also  shall  make  use  of  the  fact  that  the  solar  disk  subtends  an  angle 
of  about  1/2  degree,  so  that  its  radius  is 

eQ  =  4.  3  x  10' 3  rad 
and  its  solid  angle  is 

U  ■  1,5  x  10"  ste  r 

We  shall  make  use  of  the  data  given  by  Cox  and  Monk  for  the  ocean 
surface.  ’  They  give  the  ocean  surface  reflectivity  as 
*  Cox  and  Monk,  J.  Opt.  Soc.  Am.  ,  44,  735  (1954) 
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0.  02 

for 

o  . 

0° 

0.  021 

for 

6  m 

30° 

0.  060 

for 

e  - 

60° 

1.  00 

for 

e  - 

90° 

They  also  give  the  distribution  of  surface  slope  as  gaussian  (with 
a  minor  skewness  correction,  which  we  shall  ignore),  with  rms  slopes 
of 

<r  m  3. 16  x  10  3  W 
x 

a  -  0.  003  +  1.92  x  10'3  W 

y 


where  W  is  the  surface  wind  speed  {in  m/sec)  and  the  x-axis  is  taken 
parallel  to  the  wind.  The  probability  that  a  surface  sample  will  have 
slopes  ux  to  ux  +  dux  and  Uy  to  Uy  +  duy  is 

1 


2ir 


Sc 


exp 


du. 


Therefore,  when  looking  at  a  point  on  the  ocean  such  that,  if  the  surface 
were  flat,  the  center  of  the  sun  would  be  seen,  the  fraction  of  the  surface 
that  will  reflect  a  part  of  the  solar  disk  into  the  field  of  view  will  be 


// 


disk  of 
radius 


dux  duy 


£"<rv 


exp 


■  *  [('«) +  1 


For  wind  speeds  as  low  as  2  m/se  c,  U*/  a  and  /  <rv  are  signi- 

x  y 

ficantly  less  than  unity,  so  that  we  may  set  the  exponential  in  the  double 
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integral  approximately  equal  to  one.  Then  we  get 


-  1/8  (0.73  W)  (0.70  +  0.93  W) 

The  apparent  brightness  of  the  sun  will  then  be 


L  «  L>0  p  A  . 

In  Table  1,  we  tabulate  some  sample  values  of  L. 
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An  optical  communications  link  utilizing  a  photon  counting  receiver, 
with  some  portion  of  the  propagation  path  in  the  atmosphere,  will  have  it6 
performance  influenced  by  atmospheric  turbulence.  The  effects  will  be  of 
two  forms  --  1)  possible  transmitter  average  antenna  gain  limitations;  and 
2)  received  carrier  strength  variations.*  Other  effects,  such  as  carrier 
polarization  variation  and  spr  ading  of  the  width  of  picosecond  pulses,  have 
not  been  observed,  although  the  latter  should  be  observable  when  the  state 
of  the  art  is  able  to  accommodate  short  enough  pulses.  The  significance 
to  an  optical  data  link  of  average  antenna  gain  limitations  is  apparent.  Less 
transmitter  antenna  gain  means  that  more  total  laser  power  has  to  be  trans¬ 
mitted  to  get  the  same  received  power.  The  significance  of  carrier  strength 
fluctuations  is  more  subtle.  While  at  first  it  might  appear  that  the  fluctu¬ 
ations  would  appear  as  spurious  modulation,  i.e,  ,  as  multiplicative  noise 
showing  up  in  the  demodulated  signal  unless  special  coding  schemes  were 
being  used,  actually  this  is  not  generally  the  case.  Carrier  strength  fluctu¬ 
ations  have  a  spectrum  confined  to  the  range  of  d.  c.  to  a  few  kilohertz  or 
less.  We  almost  never  consider  wide  band  optical  communications  with 
the  bandwidth  extending  down  to  d.  c.  or  even  down  to  a  few  kilohertz.  As 
a  consequence,  spurious  atmospheric  turbulence  induced  modulation  is 
always  easily  distinguishable  from  intended  signal  modulation  of  the  carrier, 
pretty  much  independent  of  what  modulation  technique  is  used.  The  choice 

of  modulation  scheme  is  almost  entirely  a  matter  of  component  technology 

♦If  heterodyne  detection  is  used  for  the  receiver,  then  other  effects,  such 
as  optical  frequency  spreading  and  wavefront  distortion,  which  are  not  norm¬ 
ally  observable  with  a  photon  counting  receiver,  will  manifest  themselves. 
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and  such  "practical"  considerations, 

Hov/ever,  atmospheric  turbulence  induced  carrier  strength  fluc¬ 
tuations  can  have  a  serious  effect  on  the  link's  performance  in  terms  of 
reducing  the  quality  of  the  received  signal  producing,  for  example,  an 
increased  error  rate  during  carrier  fades  associated  with  the  fluctuation. 

To  compensate  for  these  fades,  it  is  necessary  to  transmit  all  the  time 
a  highe r:  ave rage  power  than  would  otherwise  be  required.  The  extra 
required  power  is,  in  a  sense,  a  propagation  loss  factor  for  the  link.* 

This  fluctuating  carrier  loss  factor,  as  well  as  transmitter  antenna  gain 

limitations,  can  be  calculated  from  the  available  theory  of  optical  propa- 

1 

gation  in  the  turbulent  atmosphere  and  from  information  about  the 
vertical  distribution  of  turbulence  in  the  atmosphere^-**.  For  our  pur¬ 
poses.  the  effects  of  the  atmosphere  on  the  laser  beam  can  be  measured 
in  terms  of  two  quantities,  rQ  ,  the  coherence  distance,  and  C^IO)  ,  the 
log-amplitude  variance.  rQ  ,  which  is  a  measure  of  the  distance  across 
the  wavefront  over  which  a  wave  remains  coherent,  is  most  easily  defined 
operationally  in  terms  of  the  antenna  gain  of  a  heterodyne  receiver  accept¬ 
ing  a  laser  beam  with  a  distorted  wavefront.  Normalized  antenna  gain  'tt' 
as  a  function  of  antenna  diameter  is  shown  in  Fig.  DLF-1,  clearly  indicating 
the  operational  significance  of  rQ  .  The  significance  of  C^(0)  ,  the  log- 
amplitude  variance,  is  most  clearly  seen  by  considering  a  dB  meter 

•This  loss  factor  could  be  avoided  if  long,  highly  redundant  modulation  codes 
were  used.  This  would  provide  averaging  over  the  fades.  However,  since  the 
duration  of  the  fades  is  typically  a  few  to  a  few  hundred  milliseconds ,  gen¬ 
eration  of  a  suitable  length  code  would  require  a  code  generator  with  a  few 
hundred  megabits  of  memory  to  accommodate  a  gigabit  per  second  data  rate. 
**The  available  theory  is  apparently  not  applicable  for  propagation  patns  for 
vr.icr.  tr.e  tr.eory  predicts  strong  scintillation. 
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measuring  the  fluctuating  received  carrier  power  for  a  simple  optical 
propagation  experiment.  The  dB  reading  will  fluctuate  with  a  variance  of 

<r3  -  75.  3  C.(0)  .  (DLF-1) 

d0  * 

Measurement  of  the  fluctuation  in  terms  of  dB  or  log- amplitude 
variance  is  particularly  appropriate  since  theory  predicts,  and  all  avail¬ 
able  experimental  data  appears  to  confirm,  that  these  quantities  have  a 
normal  distribution  for  their  fluctuations. 

The  calculation  of  tq  and  C^O)  is  based  upon  knowledge  of  the 

refractive-index  structure  constant  Cjq2  along  the  path  of  propagation. 

Without  becoming  involved  in  a  detailed  examination  of  the  mechanical  and 

2 

optical  properties  of  turbulence,  it  is  sufficient  to  note  that  Cjq  is  a 
quantity  which,  by  itself,  completely  characterizes  the  local  optical 
strength  of  turbulence  adequately  for  all  of  our  purposes. 

The  only  published  estimates  of  the  vertical  distribution  of  CN2  are 

7  8 

due  to  Hufnagel  and  Stanley  ,  and  more  recently  by  Hufnagel  .  The  former 
is  now  acknowledged  to  be  incorrect,  and  the  latter  is  presented  without 
back-up  material  and  in  a  form  too  imprecise  to  be  really  meaningful. 

We  have,  therefore,  recently  undertaken  to  develop  a  model  for  the  vertical 

9-1 

distribution  of  turbulence  based  on  relevant  although  indirect  measurements 
The  results  of  this  analysis  are  shown  in  Fig.  DLF-2. 
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Suggested  Model  For  The  Vertical  Distribution  Of  The 
Index  Structure  Constant,  Cfj.  This  model  is  based  on 
perature  probe  data  of  Koprov  andTsyang11*,  on  near  t 
laser  scintillation  measurements ^5  of  C§,  and  or.  stel. 
lation  measurements. 
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Based  on  this  model  for  Cj^  ,  and  using  the  equations 


-  0. 567  /- 

\7/ 

'A 

j  ds  CN2 

TsU  -  B)  V4 

(DLF-2) 

V 

! 

path 

[  z  J 

where  z  vs  the  total  path  length  and  XiB  the  wavelength  of  interest,  we 
obtain  the  result  that 


C(0)  -  2.55  x  10"2  (  */10-6f^6  sec 


6  9 


(DLF-3) 


<T 

<38 


1.  92  (  >/10"6r/^sec1^6  0  (dB)2  (DLF-3') 


which  is  applicable  equally  well  for  a  propagation  path  from  space  to  the 
ground  or  from  the  ground  to  space.  Here  q  is  the  zenith  angle  associated 
with  the  propagation  path. 


Using  the  equation 


[0-4“(q-)!  / 

L  '  '  oath 


ds  CN2  (s/z)5^ 


H 


]  ■ 


(DLF-4) 


path 

where  it  is  to  be  understood  that  the  propagation  path  is  taken  from  the 
source  toward  the  receiver,  i.e.  ,  s  -  0  at  the  source,  we  obtain  the 
result  that 

rQ  ■  0.155  (  ^/lO-^)^  cos^  @  ,  (downward 

radiation)  (DLF-5a) 


for  a  point  source  in  space  and  the  receiver  on  the  ground,  with  r( 
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i  Intrude  n /.mg  the  coherence  at  the  receiver.  For  the  inverse  case 
ol  the  point  source  on  the  ground  and  the  receiver  in  apace,  the  coher¬ 
ence  at  the  receiver  is  given  by 

rQ  -  0.  900  x  10"^  (  flec^  6  (Upward  radiation)  (DLF -bb) 

where  H  is  the  height  of  the  source  and  H  sec  0  is  the  total  path  length, 

(In  the  above,  all  units  are  MKS,  ) 

For  a  set  of  sample  cases  of  interest,  we  obtain  the  data  given  in 
Table  DLF -1. 

From  the  value  of  rQ  associated  with  the  downward  radiation,  we 
can  determine  the  atmospheric  limit  on  the  achievable  antenna  gain  for 
a  ground  based  transmitter.  The  argument  is  based  on  the  principles  of 
reciprocity  for  electromagnetic  propagation  in  a  non-dissipative  medium, 
with  the  heterodyne  receiver,  for  which  rQ  applies,  replaced  by  an  ideal 
transmitter,  for  which  we  argue  that  rQ  applies  equally  well.  The  trans¬ 
mitter  be;.m  spread  then  should  be  of  the  order  of  ^ /rQ  .  Identical 
arguments  apply  for  the  limitations  on  the  antenna  gain  of  the  space -based 
receiver.  However,  in  this  case,  as  we  can  see  from  Table  DLF-1,  the 
values  of  rQ  (for  upward  radiation  to  a  heterodyne  receiver  in  space) 
are  significantly  larger  than  the  practical  physical  limitations  on  diameter. 
Hence,  atmospheric  effects  will  not  impose  any  limitation  in  this  case. 

For  the  ground  based  transmitter,  we  would  set  the  beam  spread 
at  * /rc  ,  except  that  from  reft-  e  5  we  see  that  if  the  physical  diameter 
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is  equal  to  t  Q  ,  then  the  re  will  be  substantial  modulation  noise  assoc¬ 
iated  with  fluctuations  in  the  transmitter’1'  efficiency.  For  D  -  r  ,  we 
expect  a  uruni  I'  ol  0.  S.  i.e.,  on  rnis  flui  (nation  of  intensity  transmitted 
in  the  forward  direction  of  70.7%,  a  very  substantial  and  unacceptable 
fluctuation.  It  appears  likely  (although  there  are  no  serious  analyses  or 
experimental  results  available  to  confirm  this)  that  fluctuations  of  this 
sort  have  a  log-normal  distribution.  If  this  is  so,  then  we  may  expect 
that  this  corresponds  to  a  normal  distribution,  for  the  fluctuation  of  antenna 

gain  measured  in  dB,  with  a  variance  of  <r  3  «  7.6  ■  (2.  8  dB}^  .  Because 

d  B 

of  the  problems  associated  with  carrier  fading,  we  can  not  accept  a  fluc¬ 
tuation  of  this  magnitude  and  must,  therefore,  plan  to  use  a  transmitter 
diameter  cignificautly  less  than  rQ  .  It  would  appear,  from  reference  5, 
that  this  problem  can  be  avoided  by  using  a  transmitter  diameter  of  about 
r0/3  .  This  means  that  for  the  up-link  we  are  limited  to  a  transmitter 
diameter  of 

Dtrans  “  ^  x  *0"^  cos^  8  ,m  (  1  »  0.  53  U  ,  ground  transmitter) 

D  *  5.  54  x  10"2  cos  ^  6  ,  m  (  \  ■  1.  06  u  ,  ground  transmitter) 

It  can  he  shown  that  at  the  satellite  receiver  altitude,  the  receiver 
diameter  will  be  so  small  compared  to  the  scintillation  pattern  correla¬ 
tion  length  (which  is  of  the  order  of  /AH'  ),  that  the  receiver  will  be 
equivalent  to  a  poi  nt- ape  rture  receiver  as  far  as  aperture  averaging  of 

Actually,  reference  5  refers  to  heterodyne  receiver  modulation  noise, 
but  ,by  reciprocity,  this  applies  equally  to  transmitter  antenna  gain 
fluctuations. 
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scintillation  is  concerned.  *  This  means  that  the  rms  fluctuations  on 
the  up-link  will  be  2.01  sec'^2  0  dB  if  X  ■  0.53  microns,  or 
1.  34  sec  'M2  0  dB  if  X  *  1.  06  mic  rons.  (If  we  had  allowed  the  trans¬ 

mitter  diameter  to  equal  rQ  ,  instead  of  r0/3  ,  the  corresponding 
values  of  rms  fluctuation  would  be  about  4.81  dB  and  4.14  dB,  respec¬ 
tively, for  the  case  6  »  0°  .  ) 

For  the  down-link,  we  have  no  limitation  on  the  transmitter  Bize 
other  than  the  purely  practical  one.  There  will  be  no  scintillation  assoc¬ 
iated  with  fluctuations  in  transmitter  antenna  gain. 

For  a  0.  30  (0.60)  meter  diameter  receiver,  we  expect  aperture 
averaging*2  to  reduce  the  intensity  scintillation  by  a  factor  ®  .  Typical 

values  of  ®  are  shown  in  Table  DL.F-2 

TABUE  DL.F-2 
Aperture  Averaging 


D  - 

0.  30  (0.  60)  m 

\ 

e 

® 

0.  53 

0° 

1.5  x  10'2,  (3.8  x  10"3) 

0.  53 

0 

0 

00 

1.  0  x  10'1  ,  (2.  5  x  10‘2) 

1.06 

0° 

2.  5  x  10‘2,  (6.  3  x  10"3) 

1.  06 

! _ 

80° 

1.  7  x  10’1  ,  (4.  3  x  10'2) 
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Utilizing  Milchcl's  results^,  we  expect  that  the  aperture  average 
scintillation  will  also  be  log-normally  distributed,  with  a  log-amplitude 
variance  J  2  .  We  can  calculate  f^2  from  the  equation 

exp{4?t2  )  -  1  -  ®  {exp(4<r42  )  -  1  ]  .  DLF-fe 

From  this,  it  is  a  straightforward  matter  to  determine  5?  ,  the 

d  B 

rms  fluctuation  of  the  aperture  averaged  signal  measured  in  dB.  Table 
DJLF-3  summarizes  these  results,  along  with  useful  aperture  diameter 
results. 


TABLE  DLF-3 


Atmospheric  Effects  Parameters 


Link 

A(U) 

e 

(deg) 

Useful  Transmitter 
Diameter  (m) 

Received  Signal 
Scintillation  (dB) 

Up 

0.53 

0 

0.024 

2.  0 

Up 

0.  53 

80 

0.0084 

o 

o 

Up 

1.06 

0 

0.  055 

1.  3 

Up 

1.06 

80 

0.  019 

6.4 

Down 

0.  53 

0 

0.2  (0.13) 

Down 

0.  53 

80 

Practical  limits 

7.7  ,  (5.8*) 

Down 

1.06 

0 

only 

0.4  (0.11) 

Down 

i  -  .  . . — . 

1.  06 

80 

4.0  (2.  3) 

The  magnitude  of  the  scintillation  predicted  for  this  case  is  so  large 
that  it  appears  likely  that  the  theory  is  not  accurate  --  smaller 
values  will  probably  be  encountered. 
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In  the  microwave  region,  the  term  "antenna  gain"  is  uBed  to  indicate  the  relative  per¬ 
formance  of  an  antenna  compared  to  a  simple  dipole.  For  a  transmitter,  antenna 
gain  is  measured  in  terms  of  the  peak  power  density  achieved  in  the  far  field;  while 
for  a  receiver,  it  is  measured  in  terms  of  the  maximum  achievable  Bignal-to-noise 
power  ratio.  High  gain  is  considered  synonomous  with  a  narrow  angular  sensitivity 
or  radiation  pattern,  and  implies  high  angular  resolution.  In  fact,  the  width  or  reso¬ 
lution  of  the  antenna  pattern  can  be  used  as  a  measure  of  antenna  gain.  The  micro- 
wave  community  knows  that  reciprocity  exists  between  transmitter  and  receiver 
antenna  gain;  i.e.  ,  if  transmission  and  reception  are  at  the  same  wavelength,  an 
antenna  used  as  part  of  a  receiver  system  will  have  the  same  gain  as  when  it  is  used 
as  part  of  a  transmitter  system. 

The  term  "antenna  gain"  is  equally  applicable  if  used  with  reference  to  the  telescope 
(i.e. ,  recollimating  optics)  of  a  laser  transmitter,  or  to  the  telescope  (i.e. ,  collect¬ 
ing  optics)  of  an  optical  heterodyne  receiver.  Here,  as  in  the  microwave  case,  we 
may  assume  reciprocity  of  antenna  gain  between  transmitter  and  receiver  use  of  a 
telescope  -  at  least  for  free  space  propagation.  However,  unlike  the  microwave  case, 
the  effects  of  the  atmosphere,  in  particular  of  atmospheric  turbulence,  upon  optical 
system  antenna  gain  can  be  substantial  (Refs.  1,2, 3, 4). 

Although  in  the  past  it  has  been  conjectured  to  be  the  case,  it  is  by  no  means  clear  that 
an  optical  antenna  operating  through  the  atmosphere  will  have  the  same  antenna  gain  re¬ 
gardless  of  whether  it  functions  as  part  of  a  laser  transmitter  or  as  part  of  an  optical 
heterodyne  receiver.  (The  same  wavelength  of  operation  is  assumed  in  both  cases.) 

To  allow  a  discussion  of  the  effects  of  one  antenna  at  a  time,  rather  than  simultaneously 
considering  them  for  both  ends  of  the  link,  we  study  the  case  where  the  other  end  of 
the  link  is  a  point- source  or  a  point-detector.  The  problem  in  establishing  this 
reciprocity  has  appeared  complicated,  involving  as  it  does  the  comparison,  in  the 
vicinity  of  the  plane  of  the  antenna,  of  a  finite  diameter  beam  from  a  laser  transmitter, 
with  a  space  filling  radiation  pattern  from  a  distant  point  source,  only  part  of  which  is 
going  into  the  opt:  lal  heterodyne  receiver. 
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The  purpose  of  this  communication  is  to  call  attontion  to  the  fact  that  all  of  the  neces¬ 
sary  formulations  have  appeared  in  the  published  literature  (Refs.  1,2,4)  and  to  allow 
us  to  conclude  with  no  additional  analysis  that,  Including  the  effects  of  atmospheric 
turbulence,  reciprocity  exists  between  the  performance  of  a  telescope  (i.e.,  an 
antenna)  functioning  as  part  of  an  optical  heterodyne  receiver  and  its  performance 
when  functioning  as  part  of  a  laser  transmitter.  We  base  this  conclusion  on  the  formal 
equivalence  of  previously  proven  representations  for  the  antenna  gain  in  these  two 
cases,  (The  critical  feature  is  the  point-to-point  wave  propagation  reciprocity  proven 
in  Ref.  4. )  To  demonstrate  the  formal  equivalence,  we  repeat  here  the  pertinent 
results. 

It  has  been  shown  by  Lu'comirski  and  Yura  (Ref.  4)  that  I(P),  the  intensity  at  some 
point  P  a  distance  away  from  a  laser  transmitter,  due  to  the  laser  transmitter,  is 
given  by  the  expression 

I(P)  =  Aj }  6rl  dr2  exp  [ik  (sx  -  s2)J  exp  [if  (r^  +  !/■*  <r2)]  x  U  (rj)  U*  (r2)  (1) 

Here  A  is  a  constant  of  proportionality  subsumming  various  minor  dependencies  of 
no  concern  to  us  here,  the  r^-  and  r0- integrations  are  over  the  plane  of  the  antenna 
aperture,  and  U(r  )  is  the  electromagnetic  wave  function  at  r  ,  associated  with  the 
operation  of  the  laser.  The  quantity  4(r)  is  the  complex  phase*  perturbation  asso¬ 
ciated  with  the  presence  of  turbulence  in  the  propagation  path,  and  corresponds  to  the 
perturbation  observed  at  P  for  a  wave  originating  from  a  point- source  at  r  . 
Lutomirski  and  Yura  have  been  able  to  show  that  4  (r )  is  identical  in  value  to  the  com¬ 
plex  phase  perturbation  observed  at  r  for  a  wave  originating  from  a  point- source  at 
P,  assuming,  of  course,  that  we  retain  for  this  comparison  exactly  the  same  tur¬ 
bulent  structure  over  the  propagation  path,  and  of  course  the  same  wavelength.  ** 

Wc-  shall  view  Eq.  (1)  as  involving  this  latter  definition  for  v  ,  i.e. ,  the  one  involving 
propagation  from  P  to  r  . 

*The  term  "complex  phase"  is  used  to  denote  the  combination  of  ordinary  phase 
variation  (p  and  log-amplitude  variation  £;  i.e. ,  4  =  !.  +  i<P  . 

♦♦Attention  is  called  to  the  fact  that  this  is  not  a  statistical  equivalence.  It  is  a  state¬ 
ment  of  the  exact  equivalence  of  two  random  variables:  their  correlation  is 
perfect. 
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It  has  been  shown  by  Fried  (Ref.  1),  and  in  a  slightly  more  general  form  by  Moreland 
and  Collins  (Ref.  2),  that  the  signal-to- noise  ratio  achievable  by  an  optical  hetero¬ 
dyne  receiver  can  be  written  in  the  form 

S/N  =  Bj/drj^  dr2  exp  (ik  (Sj' -  s2')]  exp  Ixtr^  +  x(r^)l  v(r1)V*(r2)  (2) 

where  B  is  a  constant  of  proportionality  subsumming  all  the  factors  of  no  particular  rele¬ 
vance  here,  the  r^-  and  the  r2- integrations  are  over  the  plane  of  the  antenna  aperture, 
and  V  (r)  is,  in  this  case,  the  electromagnetic  wave  function  associated  with  the  local 
oscillator,  as  projected  forward  in  the  system  as  though  the  local  oscillator  were 
mixed  with  the  incoming  wave  by  a  beam  splitter  located  just  in  front  of  the  antenna 
aperture.  (In  this  regard,  attention  is  called  to  Appendix  A  of  Ref.  1. )  The  term 
X  (r )  in  Eq.  (2)  denotes  the  complex  phase  perturbations  due  to  atmospheric  turbu¬ 
lence  in  the  path,  as  observed  at  r  for  a  wave  originating  at  some  distant  source 
whicn  we  denote  by  P' .  (It  may  be  noted  that  Eq.  (2)  includes  allowance  for  a  non- 
uniform  local  oscillator  pattern  following  Moreland  and  Collins  (Ref.  2)  rather  than 
Fried  (Ref.  1),  who  assumes  a  uniform  oscillator.  In  addition,  the  path  length  factor 
exp  l  ik  (s1‘  -  s2'))  has  been  introduced  to  allow  the  results  to  apply  to  a  point-source 
which  may  be  in  the  near-field  of  the  antenna,  rather  than  assuming  a  nominal  incident 
plane  wave  from  a  collimated  transmitter  or  a  point-source  at  infinity,  as  in  both 
Fried  (Ref.  1)  and  Moreland  and  Collins  (Ref.  2).] 

With  P'  chosen  identical  to  P,  so  that  s^Sg)  and  s^Sg1)  are  identical,  and  re¬ 
calling  that  the  point-to-point  propagation  reciprocity'  proven  by  Lutomirski  and  Yura 
now  allows  us  to  equate  $(r)  and  x  (r )  >  then  it  is  immediately  apparent  that  Eqs.  (1) 
and  (2)  have  exactly  the  same  form  of  dependence  on  turbulence.  If  we  let  the  antenna 
aperture  and  the  laser  pattern  for  the  local  oscillator  and  for  transmissions  be  the 
same  for  the  unit  functioning  as  a  laser  transmitter  and  functioning  as  an  optical 
heterodyne  receiver,  so  that  U  (r)  and  V (r )  are  identical,  then  the  antenna  gains 
manifestly  have  the  same  dependence  on  the  turbulence  pattern  in  the  propagation  path. 
Note  that  this  equivalence  is  exact  in  the  sense  that  the  two  antenna  gains,  viewed  as 
random  variables,  have  a  perfect  correlation.  In  this  sense,  there  is  a  perfect 
reciprocity  between  laser  transmitter  and  optical  heterodyne  antenna  gain  for  propa¬ 
gation  in  a  turbulent  medium. 

J-3 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

LOCKMieo  missiics  *  space  company 

a  o*ou»  division  or  ioc<H((o  tuciin  cOIpopasioh 


l.MSC-  B2‘J020G-in 


This  means,  for  example,  that  the  strength  of  the  received  optical  heterodyne  signal 
can  be  used  as  a  cue  for  triggering  burst  transmission  for  a  shared  aperture  system. 

The  equivalence  is  so  complete  in  its  inner  structure,  i.e.,  within  the  integrals,  that 
to  the  extent  that  wavefront  distortion  can  be  considered  to  be  to  a  large  extent  just 
random  tilting  (Ref.  5),  and  to  the  extent  that  the  antenna  gain  of  the  optical  heterodyne 
receiver  can  be  improved  by  tracking  this  tilt  by  local  oscillator  alignment  adjustment 
(Ref.  6),  to  exactly  this  same  extent  the  antenna  gain  of  the  laser  transmitter  can  be 
improved  by  tracking  this  tilt  by  adjusting  the  pointing  of  the  antenna.  This  equiva¬ 
lence  follows  from  the  fact  that  tracking  of  the  tilt  corresponds  to  replacing  <;■  (r  ) 
in  Eq.  (1),  or  x  (r )  in  Eq.  (2)  with  i-  (r )  -  ia  •  r,  or  \  (r )  -  ia  •  r,  respectively, 
where  a  is  the  estimated  wavefront  tilt  being  tracked.  A  given  value  of  a  has  the 
same  effect  in  both  expressions,  and  obviously  the  same  value  of  a  maximizes  both 
the  expressions.  Moreover,  since  the  same  value  of  a  maximizes  the  laser  trans¬ 
mitter's  and  the  optical  heterodyne  receiver's  antenna  gains,  the  signal  to  drive  the 
tracking  servo-mechanism  of  the  transmitter  can  be  obtained  from  an  optical  hetero¬ 
dyne  receiver  sharing  the  antenna  with  the  transmitter,  and  tracking  a  beacon  source 
located  at  the  other  end  of  the  link. 

As  a  practical  matter,  it  is,  in  addition,  worthwhile  to  note  that,  from  Ref.  7,  a  very 
slightly  modified  version  of  Eq.  (2)  applies  equally  well  to  the  intensity  of  the  image 
of  the  beacon,  for  intensity  measured  at  the  center  of  the  focal  plane  associated  with 
the  use  of  the  antenna  (i.e. ,  telescope)  as  a  high- re  solution  imaging  device.  Tracking 
of  wavefront  tilt  corresponds  to  a  displacement  of  the  point  at  which  intensity  is 
measured  a  distance  proportional  to  a  .  The  effect  of  this  displacement  is  incorpor¬ 
ated  into  the  modified  version  of  Eq.  (2)  that  applies  to  imagery  by  replacing  \(r)  by 
X  (r )  -  ia  •  r  .  This  means  that  rather  than  having  to  use  an  optical  heterodyne  receiver 
to  obtain  the  signals  to  drive  a  wavefront-tilt  tracking  laser  transmitter,  a  simple 
imaging  type  tracker  can  be  used. 

If  we  allow  the  term  "antenna  gain"  to  apply  also  to  the  intensity  at  some  measure¬ 
ment  point  tn  the  focal  plane  of  an  antenna  used  as  an  image  forming  device  viewing 
a  point- source,  then  we  may  draw  this  general  conclusion: 
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For  a  given  optical  antenna  opeiating  through  atmospheric 
turbulence  to  some  distant  point,  the  effect  of  atmospheric 
turbulence  upon  antenna  gain  will  be  the  same  whether  the 
antenna  is  used  as  part  of  a  laser  transmitter,  an  optical 
heterodyne  receiver,  or  an  image  forming  device. 

From  this  we  may  state  the  following  corollaries: 

•  Calculations  of  the  statistics  for  one  form  of  use  of  the  antenna  may  be 
applied  to  the  other  forms  of  use . 

•  Measurements  at  some  site,  made  with  one  type  of  unit,  may  be  a  plied 
to  predict  expected  performance  for  either  of  the  other  two  types  of  units 
at  that  site. 

•  If  the  same  antenna  is  used  in  two  or  more  ways  simultaneously,  such  as 
as  a  transmitter  and  as  an  imaging  device,  measurements  made  on  the 
performance  in  one  role  may  be  used  to  gauge  the  concurrent  performance 
in  the  other  role. 
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Introduction 

We  are  concerned  here  with  the  matter  of  the  effects  of  atmospheric 
turbulence  on  the  performance  of  a  di  li  r  ac  tion  - 1  united  optical  transmitter, 
when  the  transmitter  is  on  the  ground,  immersed  in  the  atmosphere,  in  a 
ground-to-space  link.  We  expect  two  distinct  effects  to  control  the  perform¬ 
ance  of  the  transmitter.  The  first  of  these  we  refer  to  as  antenna  gain  satu¬ 
ration,  and  the  second  we  denote  as  antenna  gain  modulation.  It  is  through 
these  two  effects  that  atmospheric  turbulence  limits  the  optical  transmitter's 
performanc  e. 

Antenna  gain  saturation  refers  to  the  fact  that  for  a  given  wavelength 
and  propagation  path,  with  some  particular  distribution  of  the  optical  strength 
of  atmospheric  turbulence  along  the  path,  there  is  a  length  rQ  which  rep¬ 
resents  a  limit  on  achievable  antenna  gain  over  that  path.'’*  For  antenna 
diameters  much  smaller  than  rQ  ,  atmospheric  turbulence  will  not  affect 
antenna  performance  and  the  achieved  antenna  gain  will  be  very  close  to  the 
free  space  value.  For  antenna  diameters  much  larger  than  rQ  ,  the  antenna 
gain  measured  over  an  ensemble  of  turbulence  conditions  will  be  far  below 
the  free  space  value  we  would  associate  with  the  antenna's  actual  diameter, 
and  will,  in  fact,  be  quite  close  to  the  free  space  antenna  gain  of  an  antenna 
whose  diameter  was  only  r0  .  For  large  diameter  antennas,  this  can  be  quite 
a  bit  below  the  free  space  ideal  value. 

Antenna  gain  modulation  refers  to  the  fact  that  for  antenna  diameters 
large  enough  for  their  average  gain  to  be  significantly  less  than  the  expected 
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tree  space  value,  ;.e.,  lor  antenna  diameters  ot  the  order  of  r0  or 
greater,  the  instantaneous  antenna  gain  is  a  random  variable  fluctuating 
irom  instant  to  instant  as  the  pattern  of  atmospheric  turbulence  fluctuations 
continuously  changes.  For  antenna  diameters  much  less  than  r0  ,  there 
is  little  atmospherically  induced  variation  in  antenna  gain  just  as  there  is 
little  atmospherically  induced  reduction  of  average  antenna  gain.  As  the 
ratio  of  antenna  diameter  to  rD  approaches  unity  and  goes  to  larger  value*, 
the  magnitude  of  the  scintillation,  as  measured  by  a  modulation  factor,  goes 
from  nearly  zero  to  very  large  values. 

We  are  motivated  in  the  development  of  this  paper  by  the  considera¬ 
tion  that  the  performance  of  a  data  channel  is  strongly  affected  by  fluctua¬ 
tions  in  channel  strength,  such  as  would  be  coupled  with  transmitter  antenna 
gain  variations.  Because  of  the  much  poorer  than  average  performance 
to  be  expected  during  a  deep  fade,  it  is  necessary  to  run  a  channel  that  is 
subject  to  fading  at  an  average  channel  strength  significantly  above  the  level 
we  would  require  if  there  were  no  fading,  which  means  that  we  need  to 
transmit  with  more  power,  or  somehow  obtain  a  larger  or  higher  efficiency 
receiver.  In  short,  fluctuations  in  transmitter  antenna  gain  make  us  design 
the  rest  of  the  channel  as  though  the  effective  transmitter  antenna  gain  were 
less  than  the  average  antenna  gain.  As  a  consequence,  we  shall  find  that 
we  optimize  performance  when  we  set  the  transmitter  antenna  diameter  to 
be  significantly  below  rQ  ,  emphasizing  minimization  of  antenna  gain  modu¬ 
lation  as  much  as  maximization  of  average  antenna  gain. 
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Antenna  Gain  Theory 

A  well-developed  theory  for  the  performance  of  a  coherent  optical 
receiver,  i.e.  ,  an  optical  heterodyne  receiver,  is  presently  available  in 
terms  of  references  1,  2,  and  5.  No  such  comparable  theory  for  the  dif¬ 
fraction-limited  transmitter  exists.  However,  it  can  be  argued  on  the 
grounds  of  reciprocity,  and  has  been  analytically  established  first  in  a 
moderately  rigorou6  mariner  in  reference  4,  and  more  recently  in  a  fully 
rigorous  manner*,  that  the  antenna  gain  results  developed  for  a  coherent 
receiver  are  equally  applicable  to  a  coherent  (i.e.  ,  diffraction-limited) 
transmitter.  We  shall  base  all  of  our  further  discussion  on  tlv  a  argument. 

It  can  be  shownl,Jthat  atmospheric  turbulence  limits  the  average 
transmitter  antenna  gain  in  the  manner  indicated  in  Fig.  1,  This  effect 
is  more  precisely  quantified  in  Table  1.  The  quantities  G  and  Gc  are 
measures  of  the  average  optical  power  density  at  the  center  of  the  far-field 
antenna  pattern,  with  unit  power  transmission  in  all  cases.  G0  refers  to 
the  far-field  power  density  to  be  expected  in  the  absence  of  atmospheric 
turbulence  effects  if  the  transmitter  diameter  is  rQ  .  G  is  given  as  a 
function  of  transmitter  diameter,  D  ,  Quite  obviously,  from  the  point 
of  view  of  atmospheric  turbulence  effects  on  average  antenna  gain,  rD 
serves  as  an  entirely  adequate  and  complete  measure  of  the  effect  of  tur¬ 
bulence  over  the  propagation  path. 

In  reference  3,  it  is  shown  that  antenna  gain  will  fluctuate  in  such 
a  way  that  the  instantaneous  far-tield  intensity  at  the  nominal  (i.e.  ,  static 
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Normalized  Diameter,  D/r. 


Fig.  1  Dependence  of  Antenna  Gain  of  an  Atmospheric  Turbulence 
Limited  Optical  Transmitter  on  Antenna  Diameter.  D  is 
the  diameter  of  the  transmitter  and  rQ  is  a  length  which 
characterizes  the  optical  strength  of  turbulence  along  the 
propagation  path  for  this  effect.  G  is  the  antenna  gain  and 
is  directly  proportional  to  the  average  power  density  achieved 
in  the  center  of  the  far-field  pattern.  GQ  is  the  correspond¬ 
ing  free-space  antenna  gain  for  an  antenna  of  diameter  r 
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and  non-fluctuating)  tenter  of  the  pattern  has  a  variance,  'q  >  where 

2  ^  y 

is  as  as  shown  m  Fig.  2,  and  nwre  exactly  in  Table  2.  o  £  is  the 
normalized  antenna  gain  v  ariance.  If  F  is  the  instantaneous  far-field 
power  density,  and  <>  denote  an  ensemble  average,  then 

,  .  Ar_-.<r>>Sl  „  ) 

°  <p)! 

Here  again  it  is  quite  clear  that  rc  completely  characterizes  the  dependence 
of  the  effect,  in  this  case  antenna  gain  variance,  upon  the  optical  strength 
of  turbulence  over  the  propagation  path. 


It  has  not  been  shown  in  any  rigorous  manner,  but  we  argue  on  the 
basis  of  a  generalization  of  Mitchel's  work  from  the  log-normal  to  the 
complex-phase-normal,  that  the  instantaneous  signal  power  in  a  heterodyne 
receiver,  and  correspondingly  in  the  power  density  in  the  far-field  of  a 
diffraction-limited  transmitter,  should  be  log-normally  distributed  due  to 
atmospheric  turbulence  effects.  If  this  is  the  case,  which  we  shall  assume, 
then  the  logarithm  of  the  antenna  gain,  i.e.  ,  the  logarithm  of  the  power 
density  in  the  far-field,  will  be  normally  distributed.  This  leads  us  to 
the  log- ampli tude  variance,  o  ^  ,  and  perhaps  more  usefully  to  o  1  ■ 

the  variance  of  the  power  density  measured  in  dB.  Since  the  distribution 
is  log-normal,  it  can  be  shown  that 
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Normalized  Diameter,  D/ro 

Fia  2  Dependence  of  Transmitter  Antenna  Gain  Variance  Due  to 

Atmospheric  Turbulence  Effects  on  Transmitter  Antenna  Diameter 
D  is  the  diameter  of  the  transmitter  and  r0  a  length  whic 
characterizes  the  optical  strength  of  turbulence  along  the  propa¬ 
gation  path,  and  is  the  same  factor  as  used  in  Fig.  1.  The 
normalized  antenna  gain  variance  is  the  variance  of  the  power 
density  in  the  center  of  the  far-field  pattern  divided  by  the 
average  far-field  power  density. 
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Table  1 

Average  Transmitter  Antenna  Gain 
As  A  Function  Of 
Transmitter  Diameter 


G/G0 

0.1 

0.  0098 

0.  5 

0.  1892 

1.  0 

0.  449 

2.0 

0.  699 

Table  2 

Transmitter  Antenna  Gain  Variance 
As  A  Function  Of 
Transmitter  Diameter 


2 

°/ro 

°G 

0.1 

0 

0.  9 

0.11 

1.  o 

0.  91 

h&mSH _ 

2.18 
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In  Table  3,  we  show  the  transmitter  antenna  diameter  dependence  of 

both  average  antenna  gain  and  gain  variance,  both  measured  in  dB,  the 

2 

former  denoted  by  G  and  the  latter  by  o  ,  where 

d  B  dB 

GdB  “  101o«1C  (G/Go) 

In  Fig.  3,  we  show  an  estimate  of  the  extra  power  that  haa  to  be 
transmitted  to  insure  a  bit  error  rate  of  10  ^  in  binary  communications 
to  allow  for  the  difference  in  performance  in  the  absence  of  antenna  gain 
modulation  fi.e.  .  in  the  absence  of  fading)  and  in  its  presence7  .  This  is 
expressed  as  a  loss  factor  in  dB,  denoting  the  extra  power  that  has 

to  be  transmitted,  and  Is  taken  as  10  times  the  log  of  the  power  ratio  r which 
should  be  contrasted  with  the  factor  of  20  in  Eq,.  (U2)  of  reference  7"1. 

This  is  based  on  a  fixed  gaussian  noise  in  the  receiver,  and  gaussian 
rather  than  Poisson  statistics.  As  such,  the  result  should  be  considered 
to  be  only  weakly  relevant  to  the  more  interesting  optical  communications 
links,  where  Poisson  statistics  are  relevant  and  quite  distinct  from  gaussian 
statistics.  In  Table  4,  we  have  shown  the  dependence  of  both  average 
antenna  gam  and  the  loss  factor  on  the  ratio  D/ rQ  .  It  is 

clear  from  this  table  that  optimum  performance  in  the  sense  ol  least  re¬ 
quired  transmitter  power  is  obtained  with  a  transmitter  antenna  diameter 
of  the  orde  r  of  0.  5  rQ  to  0.7  rQ  . 

The  problem  before  us  at  this  point,  then,  is  the  calculation  of  r0  . 
This  matter  we  take  up  in  the  next  set  lion. 
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Fig. 


Dependence  Of  The  Nominal  Channel  Fluctuation  Lose  Factor  On 


Antenna  Gain  Variance.  The  loss  factor,  L 


dB 


is  a  measure  in 


dB  of  the  extra  optical  power  that  has  to  be  transmitted  to  compen¬ 
sate  for  the  effect  of  channel  strength  fluctuations.  Channel  strength 
fluctuations  are  measured  by  ,  the  variance  of  the  instantan¬ 

eous  channel  strength  on  transmitter  antenna  gain  expressed  in  dB. 
The  results  are  for  a  binary  channel  with  a  bit  error  rate  of  10~^, 
and  assumes  that  fading  measured  in  dB  has  a  normal  distribution. 
The  results  are  based  on  the  assumption  that  receiver  noise  is 
gaussian  with  a  variance  that  is  independent  of  the  occurrence  of 
fades  in  the  channel.  The  results  are  therefore  only  of  order-of- 
magnitude  type  relevance  to  an  optical  communications  link  for 
which  Poisson  statistics,  as  distinct  from  gaussian  statistics, 
are  applicable. 
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Table  3 

Average  Transmitter  Antenna  Gain  and  Transmitter  Variance 
Both  in  dB  As  A  Function  Ol  Transmitter  Diameter 


Evaluation  of  ru 

i 

The  basic  expression  for  r  is 

I  f  )  ^ 

r O  *  °'423  J  ds  C n 2  "  "  (5) 

'  path  ’ 

2 

Here  k  is  the  optical  wave  number,  Z  *  /  \  ,  and  is  a  quantity 

2 

called  the  refractive  index  structure  constant.  C  is  a  measure  of  the 

n 

2 

local  opt  leal  strength  of  turbulence.  If  we  know  Cn  ,  we  can  calculate 
r0  directly.  Unfortunately,  however,  cur  knowledge  of  the  vertical  distri¬ 
bution  of  Cn  is  very  imprecise  and  is  not  really  sufficient  to  support 
by  itself  a  calculation  of  rQ  .  Rather,  we  shall  obtain  rQ  rather  directly 

from  astronomical  observations.  We  shall  use  what  knowledge  we  have  of 

2 

Cu  to  argue  the  rather  general  applicabi.  ity  of  the  astronomical  data,  and 

therefore,  lor  the  moment,  consider  the  state  of  our  knowledge  regarding 

2 

cn  . 

The  earliest  published  model  for  the  vertical  distribution  of  Cn  is 
due  to  Hufnagel  and  Stanley.^  Fried  approximated  this  curve  by 

2  1  C 

Cn  “  Ah  ^  exp  (-h/hQ)  ,  A  ■  4.  2  x  10  m 

hQ  -  3200  m  (6) 

2 

where  h  is  the  altitude,  in  meters,  at  which  Cn  is  being  measured, 

IP  . 

and  used  this  expression  for  stellar  scintillation  calculations.  It  has 

since  been  recognized  that  the  basic  model  is  inadequate  and  Hufnagel11 

has  suggested  an  alternate  distribution,  but  with  enough  vagueness  in  the 
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modf  1  that  t'KiUt  tabulations  van  mil  tic  jicriui  iiiitl.  Hullett  1 '  ,  rtiug- 
miing  the  tact  that  the  original  miidi-1  gave  much  too  large  a  prediction 
for  stellar  scintillation,  suggested  that  A  in  Eq.  (b)  be  reduced  by  about 
a  factor  of  30.  Titterton1’  used  the  sans-  sort  of  facts  (only  based  on 
measurements  involving  a  laser  and  a  satellite)  to  argue  that  hQ  in 
Eq.  (6)  should  be  revised  down  by  a  factor  of  10,  to  about  150  m  .  It  is 
not  clear  that  any  simple  correction  to  ihe  model  in  Eq.  (6)  is  really 
adequate. 

1  4 

Recently  Koprov  and  Tsvang  have  flown  a  high  speed  temperature 

2 

probe  in  an  airplane  and  obtained  data  directly  proportional  to  Cn  .  From 
their  results  in  conjunction  with  close  to  the  ground  optical  measurements1 5 

A 

a 

of  Cn  ,  we  have  formulated  the  model  for  the  vertical  distribution  of 

2  2 

Cn  shown  in  Fig.  4.  The  peak  in  Cn  at  high  altitudes  is  probably  the 

only  uncertain  portion  of  the  curve,  and  depends  on  the  value  for  the  magni¬ 
tude  of  stellar  scintillation  that  we  use  in  developing  the  model.  Fortun¬ 
ately,  however,  in  terms  of  calculating  rQ  ,  this  high  altitude  peak  is 

irrelevant.  The  value  of  the  integral  in  Eq.  (5)  is  determined  almost 

2 

entirely  by  the  values  of  Cn  in  the  first  few  tens  of  meters.  There  is, 

quite  apparently,  about  a  factor  of  two  difference  between  the  value  of  the 

integral  in  Eq.  (5)  according  to  whether  we  use  the  daytime  or  the  nighttime 
2 

values  for  Cn  ,  with  the  daytime  value  being  the  larger.  This  means  that 

3_ 

rQ  for  daytime  should  be  1  5  -  0,  b4  times  the  value  at  night.  We  shall 

develop  our  exact  value  for  r0  from  nighttime  astronomical  observations 
and  will  use  this  factor  of  0.64  to  put  the  results  in  a  form  applicable  to 
daytime. 
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Refractive  Index  Structure 
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Nighttime  Conditions 


✓  Daytime  Condition* 


Altitude  (m) 

Fig.  4  Suggested  Model  For  The  Vertical  Distribution  Of  The  Refractive 
Index  Structure  Constant,  Cnz  .  This  model  is  based  on  the 
temperature  probe  data  of  Koprov  and  T*^ang1<4  ,  on  near  the 
ground  laser  scintillation  measurements  of  Cn2  ,  and  on  stellar 
scintillation  measurements. 
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A  Key  point  that  should  be  noted  iibuul  tin-  distribution  oi  Cn  is 
that  it  is  such  that  evaluation  ol  ru  is  dominated  by  conditions  very  near 
the  ground.  This  suggests  that  altitude  per  a <_•  of  the  transmitter  location 
will  have  no  significant  effect  on  rQ  (unless  the  altitude  is  so  high  that  the 
local  atmospheric  density  is  reduced),  and  that  data  taken  at  aui  observatory 
on  a  mountain  Is  applicable  to  almoBt  any  reasonable  transmitter  site.* 

We  shall  base  our  evaluation  of  rQ  on  the  data  taken  by  Hoag16  , 

1? 

and  shown  in  Fig.  5.  (Equivalent  data  by  Meinel  is  available  and  is  in 

good  agreement  with  Hoag's  results.)  These  measurements  are  for  a  nominal 

o 

center  frequency  of  5500  A  at  near  zenith.  The  slit  width  can  be  directly 
related  to  rQ  for  a  wavelength  of  0.53  microns  and  of  1.  06  microns.  If 
the  slit  width  is  w  (radians),  then 

rQ  *  2.  52  x  10 ~ 7 /  w  ,  (7a) 

ro,  1.  06  '  5-71  x  10"7/  w  •  (7b> 


From  the  data  in  Fig.  5,  we  see  that  the  median  value  of  w  is  about 


w50% 


3.  4  x 


10  ^  rad. 


(8a) 


However,  half  the  time  it  is  larger  than  that  and  results  based  on  w^q,^ 

*  Nothing  said  here  should  be  taken  to  apply  to  the  case  of  a  transmitter 
located  in  a  high  altitude  aircraft.  There  it  is  probable  that  boundary 
layer  effects  are  dominant,  and  we  currently  have  no  sound  data  appli¬ 
cable  to  this  situation. 
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are,  in  d  sense,  optimism  .  To  introduce  a  more  t  uiinc  rvative  note,  we 
utilize  the  value  of  w  th.il  goes  with  90%,  so  that  we  are  sure  that  nine 
out  of  ten  times  w  will  be  smaller  and  rQ  larger  than  our  prediction*. 

We  get 

*  90%  “  l°-  0  *  10"b  rdd‘  (8b) 

We  could  substitute  this  value  of  w  into  Eq.  's  (7a)  and  (7b),  but  first  we 
wish  to  make  allowance  for  the  fact  that  we  are  interested  in  both  day  and 
night  time  operation,  and  that  we  will  be  operating  at  a  zenith  angle  of 

about  40  degrees.  There  is  a  correction  factor  of  0.64  for  the  night  to 

_3„. 

day  conversion,  and  of  sec”  5  (40°)  «  0.85  for  the  zenith  angle.  Using 

these  factors  and  the  data  in  Eq.'s  (7a  and  b)  and  (8a  and  b),  we  get  the 

£  4 

results  shown  in  Table  5. 

Conclusions  and  Comments 

The  results  shown  in  Table  5  for  rQ  ,  coupled  with  the  fact  that 
Table  4  seems  to  indicate  that  we  can  not  profitably  use  a  transmitter 
diameter  much  larger  than  0.5  rQ  ,  would  certainly  seem  to  be  quite  serious. 
The  allowable  diameters  are  disturbingly  small.  For  the  moment,  we  must 
consider  these  results  to  represent  a  true  limit. 

*  This  zenith  angle  corresponds  to  viewing  an  equatorial  stationary  satellite 
from  a  mid-latitude  ground  position. 

**  It  is  interesting  to  note  that  these  vgiues  of  rQ  fall  into  the  general  region 
of  values  presented  by  Kerr  et  al.  ,  in  his  Table  V,  although  because  of  the 
way  he  developed  his  smarting  data,  i.e.  ,  his  expression  for  Cn  ,  we  do 
not  attach  too  much  significance  to  this  agreement. 
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Table  5 

Estimated  Values  of  rQ  (Meters) 


0.53  Microns 

1.  06  Microns 

50% 

- - 

Day 

0.  040 

0.  092 

Night 

0.  063 

0.143 

90% 

Day 

0.  014 

0.  031 

Night 

0.  021 

0.049 
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The  re  is,  however,  an  impm  Unt  bill  stnl  quite  unverified 

possibility  that  by  utilizing  a  transmitter  that  was  capable  of  following 

the  high  irrqui'm  v  (probably  below  100  H/.}  jitter  in  the  apparent  direction 

to  the  receiver,  thus  compensating  for  a  major  portion  of  the  effect  of 

atmospheric  turbulence,  it  will  be  possible  to  allow  use  of  a  transmitter 

diameter  of  perhaps  2  or  3  times  rQ  without  suffering  serious  modulation 

IQ 

noise.  We  know  from  theoretical  analysis  that  the  average  antenna  gain 
will  follow  the  inc  rease  in  diameter,  but  we  have  no  analysis  of  the  effect 
on  modulation  noise  of  using  high  speed  tracking.  On  the  simplest  basis 
for  looking  at  the  situation,  namely  the  ratio  of  average  antenna  gain  to 
free  space  antenna  gain,  we  would  expect  about  a  factor  of  three  in  useful 
antenna  diameter  --  i.  e.  ,  we  should  be  able  to  go  from  0.  5  rQ  to  1.  5  rQ  , 
a  factor  of  almost  10  dB,  by  using  high  speed  tracking.  There  is  reason 
to  believe,  however,  that  in  correcting  for  wavefront  tilt,  we  will  be  taking 
out  the  most  severe  aspect  of  atmospheric  turbulence  antenna  gain  modula¬ 
tion  so  that  we  will  be  able  to  use  diameters  as  large  as  2.5  rQ  or  3.0  rQ 
without  undue  modulation  loss. 


*  By  tracking  a  beacon  from  the  receiver,  the  transmitter  can  always  tell 
what  bending  of  the  path  the  atmosphere  is,  at  any  instant,  introducing 
between  the  transmitter  and  the  receiver  --  providing  that  the  atmospheric 
turbulence  isoplanitism  patch  covers  the  point  ahead  angle.  Since  the 
dominant  turbulence  is  so  near  the  ground,  it  is  almost  certain  that  the 
isoplanitism  patch  will  be  large  enough. 
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INTRODUCTION 

It  is  well  known  that  atmospheric  turbulence  will  affect  the  perform- 
ance  of  an  optical  heterodyne  receiver.  The  effects  have  been  explored  experi¬ 
mentally  and  theoretically  by  a  number  of  workers.1'*  The  single  moet 
prominent  aspect  effect  of  atmospheric  turbulence  on  optical  heterodyne 
detection  is  the  fact  that  there  is  an  upper  limit  on  the  average  antenna  gain 
achievable  for  any  particular  wavelength  and  set  of  propagation  conditions. 

It  has  been  shown*'  3  that  for  each  wavelength  and  propagation  path,  there  is 
an  associated  length  rQ  which  represents  a  measure  of  the  atmospheric 
turbulence  limit  on  an  optical  heterodyne  receiver  antenna  gain.  No  matter 
how  large  we  make  the  actual  receiver  diameter.  D  .  the  average  antenna 
gain  (G)  achieved  will  not  be  larger  than  GQ  .  the  free  space  antenna  gain 
associated  with  a  receiver  diameter  rQ  .  For  an  optical  heterodyne  receiver 
whose  diameter  is  smaller  than  rQ  .  the  average  antenna  gain  <G>  follows 
the  expected  free  space  value  for  an  antenna  of  that  diameter;  but  for  antennas 

larger  than  rQ  •  the  average  antenna  gain  (G)  asymptotically  (and  monotoni- 

* 

cally)  approaches  GQ  . 


The  use  of  the  term  "average"  in  describing  (G)  .  the  average 
achieved  antenna  gain,  is  significant.  Its  use  is  indicative  of  the  fact  that 
atmospheric  turbulence  and  its  effects  are  random  processes,  characteriaable 
only  in.  terms  of  statistical  parameters  such  as  mean,  variance,  covariance. 


etc.  The  antenna  gain  achieved  at  any  instant  of  time  G(t),  is  a  randomly 
varying  quantity  whose  mean  value  is  (  G)  .  The  variance  Oq  associated 
with  G(t)  is  generally  a  non- zero  quantity.  Its  magnitude  has  been  evalu¬ 


ated  in  previous  work*, 


and  it  is  found  that  for  optical  heterodyne  receiver 


This  result  needs  to  be  qualified  by  the  stated  assumption  that  rc  . 

where  Lq  is  the  outer  scale  of  turbulence.  1  meter  or  larger  almost 


always  so  that  for  visible  and  near  infrared  radiation,  in  most  cases  r0  Lq.  ) 
In  this  regard,  see  A.  F.  Lutomirski  and  H.  T.  Yura.  J.  Opt,  Soc.  Am.  61. 

482  (1971).  — 
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diameters  D  of  the  order  of  r0  or  larger,  the  value  of  is  comparable 

to  or  much  larger  than  {G'f  .  This  means  that  the  heterodyne  receiver 
signal  strength  carries  substantial  atmusphenc  modulation.  In  the  parlance 
of  communications  engineering,  we  would  say  that  a  channel  based  on  optical 
heterodyne  reception  with  atmospheric  turbulence  effects  is  subject  to  fading, 
and  that  if  the  receiver  diameter  ia  of  the  order  of  rQ  or  larger,  then  the 
fades  will  be  quite  deep.  This,  in  turn,  carries  the  implication  that  tbe 
channel  performance  will  be  significantly  degraded  below  the  expected  free* 
space  value.  Available  results8' 7  show  that  for  the  type  of  fading  statistics 
we  expect  due  to  the  effect  of  atmospheric  turbulence  on  an  optical  heterodyne 
receiver's  antenna  gain,  namely  a  log-normal  fading  distribution,  tbe  degra¬ 
dation  in  channel  performance  can  only  be  made  up  in  a  straightforward 
manner  by  transmitting  considerably  more  optical  power,  which  can  be  a 
rather  severe  penalty.  The  effect  of  fading  is,  in  a  sense,  like  a  loss  in  the 
effective  average  antenna  gain. 

* 

Since  antenna  gain  variance,  Oq  ,  goeo  up  with  increasing  antenna 
diameter,  D  ,  without  bounds  while  the  average  antenna  gain  <G)  does  not 
increase  significantly  when  the  antenna  diameter  is  increased  beyond  rQ  , 
it  i9  apparent  that  the  optimum  performance  condition,  considering  both 
effects  of  (G)  and  oq*  is  achieved  with  an  optical  heterodyne  receiver 
diameter  of  the  order  of  rc  or  less.  Rudimentary  calculations  utilizing 
the  results  of  references  4  and  6  indicate  that  best  performance  ia  to  be 
expected  with  an  antenna  diameter  about  equal  to  £  rQ  .  It  is  not  our  inten¬ 
tion  to  pursue  in  this  paper  the  subject  of  the  implications  of  atmospheric 
turbulence  induced  antenna  gain  variance  for  an  optical  communications  link 
utilizing  heterodyne  reception.  Rather,  we  shall  be  concerned  here  with 
evaluation  of  a  technique  for  minimizing  the  variance  of  the  antenna  gain, 
based  on  the  use  of  tracking  heterodyne  reception. 
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TRACKING  HETERODYNE  RECEPTION 

Some  early  and  rather  picturesque  thinking  regarding  the  nature 
of  the  optical  effect  of  atmospheric  turbulence  depicted  the  atmosphere  as 
acting  like  a  random  collection  of  wedges  and  lenses,  resulting  in  "dattcinf" 
and  defocus  blurring  of  the  image  seen  in  a  telescope.  It  was  even  suggested 
that  a  telescope  capable  of  following  this  tilt  and  defocus  by  rapid  adjustment 
of  optical  elements  in  the  telescope  might  be  able  to  achieve  an  image  with 
sharpness  much  superior  to  what  atmospheric  turbulence  normally  allows. 

This  subject  was  first  investigated  in  a  quantitative  analytic  manner  by  the 
present  author  in  a  paper  titled  "Statistics  of  a  Geometric  Interpretation  of 
Wavefront  Distortion."*  In  this  investigation,  the  statistics  of  the  distortion 
of  a  wavefront  after  passing  through  a  turbulent  atmospheric  path  was  quanti¬ 
fied  in  terms  of  the  accuracy  of  the  fit  of  simple  geometric  shapes  (tilted 
planes,  spherical  surfaces,  and  hyperbolic  surfaces)  to  the  wavefront.  In 
this  analysis,  it  was  found  that  much  of  the  distortion  could  be  represented 
as  wavefront  tilt,  but  that  allowing  matching  to  include  higher  order  shapes 
yielded,  results  that  indicated  no  particular  relevance  should  be  attached  to 
the  particular  nature  of  these  higher  order  shapes.  *  It  was  shown  that  while 
the  distorted  wavefront  in  a  circle  (aperture)  of  diameter  rQ  had  an  rms 
(complex)  phase  variation  of  one  radian  (neper),  if  we  subtracted  the  best 
fit  tilted  plane  match  to  the  distorted  wave,  then  the  rms  variation  was  one 
radian  (neper)  for  a  circle  of  diameter  3.4  r0  .  Based  on  this,  it  was  sug¬ 
gested  in  that  paper*  that  short  exposure  imagery,  which  is  possibly  distorted 

*  Quantitatively,  this  means  that  while  each  shape  type  that  we  allowecTTn 
trying  to  match  the  wavefront  represented  an  additional  degree  of  freedom 
and  therefore  would  improve  the  fit  to  some  extent,  the  tilt  adjustments 
gave  more  improvement  than  one  would  expect  for  the  number  of  degrees 
cf  freedom  involved,  while  the  other  higher  order  shapes  gave  no  more 
improvement  than  one  would  expect  simply  because  they  represented  addi¬ 
tional  degrees  of  freedom,  i.e.,  tilt  seemed  to  have  &  special  ability  to 
fit  the  distorted  wavefront,  which  other  shapes  lacked. 
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by  random  wavefront  tilt,  but  not  blurred  by  such  tilt,  should  have  a  resolu¬ 
tion  of  the  order  of  3.4  times  better  than  long  exposure  imagery,  for  which 
randomly  varying  tilt  does  result  in  blurring  of  the  image.  This  suggestion 
was  investigated  analytically*  and  it  was  found  that  an  improvement  like  this, 
although  not  quite  as  large  as  first  suggested.  cou'd  be  achieved. 

It  was  also  suggested  in  the  paper  on  the  geometric  interpretation 
of  wavefront  distortion6  that  the  good  match  to  the  distorted  wavefront  achieved 
by  an  optimally  tilted  plane  meant  that  for  optical  heterodyne  reception,  while 
an  ordinary  (or  what  we  shall  call  a  static)  optical  heterodyne  receiver  had  an 
average  antenna  gain  limitation  associated  with  an  aperture  diameter  rQ  .  a 
tracking  optical  heterodyne  receiver,  i.e..  a  receiver  which  at  the  neceaaary 
rate  tracked  the  apparent  tilt  of  the  received  wavefront,  would  have  an  atmos¬ 
pheric  turbulence  limit  on  the  average  antenna  gain  that  would  be  associated 
with  an  aperture  diameter  of  3.4  rQ  .  This  would  suggest  an  increase  of  11.4 
in  the  average  antenna  gain.  *  The  tracking  heterodyne  receiver  per  se  was 
first  analyzed  by  Chase8  .  He  was  able  to  show  that  the  maximum  average 
antenna  gain  was  achieved  with  a  receiver  diameter  of  about  3.4  r0  (in  agree¬ 
ment  with  previous  suggestions),  although  because  of  a  problem  in  evaluating 
integrals.  Chase  did  not  give  detailed  numerical  results  for  the  expected 
average  antenna  gain  as  &  function  of  receiver  diameter. 

Because  of  the  problems  associated  with  atmospheric  turbulence  in¬ 
duced  modulation  noise.  i.e,,  antenna  gain  variance,  o^_*  •  in  an  ordinary 
static  optical  heterodyne  receiver,  we  are  now  motivated  to  reexamine  the 

*  Based  on  the  more  exact  analysis  for  short  exposure  resolution  in  reler- 
ence  9.  which  is  nearly  equivalent  to  the  analysis  for  a  tracking  heterodyne 
receiver,  this  factor  of  11.4  was  later  revised  downward  to  only  4.3. 
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performance  of  the  tracking  optical  heterodyne  receiver  --  in  particular, 
to  evaluate  its  antenna  gain  variance.  (We  shall  also  develop  quantitative 
results  for  the  average  antenna  gain. )  Our  motivation  is  baaed  on  the  fact 
that  a  tracking  receiver  will  be  subject  to  less  apparent  wavefront  distortion 
than  a  static  receiver  of  the  same  aperture  diameter,  and  therefore  should 
manifest  leea  variability  in  its  antenna  gain. 

In  the  next  section,  we  address  ourselves  to  the  problem  of  the 
formulation  of  expresaiona  for  the  instantaneous  antenna  gain,  the  average 
antenna  gain,  and  the  antenna  gain  variance  for  both  the  static  and  tracking 

a 

optical  heterodyne  receivers.  In  the  section  after  that,  we  concern  our¬ 
selves  with  the  reduction  of  these  expressions  to  calculable  form.  Finally, 
we  carry  out  the  numerical  evaluations,  present  the  results,  and  discuss 
their  interpretation  and  significance. 

FORMULATION 

The  basic  expression  for  G  ,  the  instantaneous  signal- to- noise 
ratio,  or  antenna  gain  of  an  optical  heterodyne  receiver  operating  with  an 
optical  signal  whose  wavefront  has  been  distorted  by  atmospheric  turbulence 
can  be  obtained  from  reference  3,  Assuming  a  receiver  with  a  circular 
aperture  of  diameter  D  .  the  expression  is 

G  -  aD"“J7d  *  dSJ,  WQ  ^;D)  WQ  U,;D)  exp  [ t  £)  +  l  &)  ] 

X  COS  C  tp  (Xj)  -  tp  (x,)  ]  .  (1) 

In  this  expression,  a  is  a  constant  of  proportionality  and  the  function 
Wq(x;D)  defines  a  circle  of  diameter  D  on  the  x -plane.  (fare  and  in  the 
balance  of  this  paper  x  ia  a  two-dimensional  vector  def'  a  in  the  receiver 
aperture  plane. )  Wc  (x;D)  ia  defined  by  the  expressu 
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II  if  x  s  D/2 

0  if  x  >  D/2 


u> 


The  integrations  over  x1  and  x,  are  to  be  taken  over  the  infinite  plans, 
bat  the  presence  of  the  W^-functions  in  the  integrand.  in  effect,  limits  the 
range  of  the  integrations,  t  (x  )  and  tp (x  )  .  called  the  log- amplitude  rfluctu- 
ation  and  the  phase  fluctuation,  respectively,  represent  the  perturbations 
imposed  on  the  received  wavefront  by  atmospheric  turbulence.  The  log- 
amplitude  variation.  f(x)  ,  is.  as  its  name  implies,  the  logarithm  erf  the 
local  wave  amplitude  variation  at  x  caused  by  atmospheric  turbulence. 

The  reference  amplitude  for  definition  purposes  is  the  rms  erf  the  vary¬ 
ing  amplitude.  The  phase  variation,  <p(x)  .  is  just  the  variation  in  the 
ordinary  phase  at  x  induced  by  atmospheric  turbulence.  It  is  often  con¬ 
venient  to  combine  phase  and  log-amplitude  variation  into  a  single  complex 
quantity,  the  complex-phase  variation,  denoted  by  t  (x )  .  where 

t(x)  -  <p(x)  -  i  t  (x)  .  (3) 

rFor  many  purposes,  there  is  no  need  to  distinguish  between  the  real  and 
the  imaginary  parts  of  i  (x  )  . 

There  is  fairly  good  evidence  available  that  the  statistics  of  phase 
and  log-amplitude  fluctuations  are  each  normally  distributed11"14.  This  means 
that  the  statistics  of  each  of  these  quantities  are  completely  defined  by  their 
first  and  second  moments.  Moreover,  since  the  statistics  are  apparently 
locally  homogeneous  and  isotropic1*  ,  and  since  we  shall  only  be  interested 
in  the  statistics  of  the  difference  of  phase  fluctuations  measured  at  two  points. 
x1  and  x, .  we  shall  not  need  to  consid  c  the  first  moment  of  phase  fluctuation. 
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i.*.>  the  mean  value  of  phase  fluctuation*.  The  following  are  the  statistical 
quantities  we  shall  make  use  of  in  this  paper:  the  mean  value  of  log-amplitude 


T  ,  where 

7  -  <  i  (x)  )  .  (4a) 

the  log-amplitude  covariance.  (p)  ,  where 

CJt(p)-<[i(x1)-T][f(xtj-7])  .  (4b) 

the  log-amplitude  variance,  o^8  •  where 

o  8  -  C  (0)  .  (4c) 

L  1 

the  log-amplitude- structure  function,  D^(p)  •  where 

D^p)  -  <  [  l  (kj  -  /£,)  .  (4d) 

the  phase-structure  function. 

D  (p)  •  <[  cpUJ  -  ,&)]•>.  (4e) 

<P 

and  the  wave- structure  function,  D^(p)  >  where 

<P  )  "  <  C  ♦  (*»)  -  f  (*,)  ]  *  [  f  (xj  -  f  (7^)  ]  >  .  (4f ) 


In  the  above,  the  angle  brackets,  i.e.,  (  ,  )  denote  an  ensemble  average, 
and  in  Eq.  (4f).  the  asterisk,  ,  denotes  complex  conjugation,  p  is  the 
magnitude  of  the  distance  between  Xj  and  .  and  is  defined  by  the 
expression 

P  *  I  -  *•  l  •  (5) 

*  It  is  fortunate  that  we  do  not  need  to  consider  the  mean  value  of  phase  tiuc- 
tuation  (or  even  the  variance  of  phase  fluctuation)  since  the  presently  avail¬ 
able  theory  does  not  treat  the  low  spatial  frequency  portion  of  the  atmos¬ 
pheric  turbulence  spectrum  in  proper  detail,  and, as  a  consequence,  if  the 
presently  available  theory  is  used  to  calculate  these  quantities,  divergent 
results  are  obtained. 
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It  is  obvious  from  Eq.  '■  (3)  and  (4d.  e,  and  i  )  that  the  wave* structure 
function  is  a  imply  the  sum  of  the  log-amplitude  and  phase*  structure 
functions,  i.  e. , 


D  (p)  -  D,(p>  +  D  <p)  .  (6) 

♦  1  sp 

It  can  be  shown1*  that  under  normal  circumstances*,  the  wave  structure 
function  is  given  by  the  expression 

D^(p)  -  6.88  (p/r0f/a  ,  (7) 

where  rQ  is  the  quantity  introduced  in  the  previous  section  in  terms  a f  the 
limits  on  performance  of  a  heterodyne  receiver.  rQ  is  a  function  of  the  wave¬ 
length  and  of  the  length  of  the  propagation  path  and  the  distribution  of  the 
strength  of  turbulence  along  that  path. 


We  shall  have  uoraaion  to  make  use  of  the  fact  that 

Vp>  "  2Caf“  •  Vpn’  (8) 

which  relationship  can  be  derived  quite  easily  from  Eq. 's  (4b,  c.  and  d).  An 
interesting  feature  regarding  the  statistics  of  log- amplitude  variance  is  that 
in  order  for  energy  to  be  conserved,  it  can  be  shown  that? 

I  -  *  a*,  (9) 


which  follows  from  the  fact  that  log-amplitude  variance  is  normally  distri¬ 
buted,  and  that  the  reference  value  for  l  is  taken  as  the  rms  value. 


*  The  term  "normal  conditions"  refers  to  the  absence  ol  strong  intensity  scin- 
tillation  and  the  absence  of  the  phenomena  known  as  saturation  of  scintillation. 
The  variety  of  distinct  derivations  available  for  Eq.  (7)  makes  it  likely  that  it 
is  valid  even  under  conditions  of  saturation  of  scintillation--although  we  have 
no  assurance  of  this.  For  this  reason,  we  restrict  our  attention  in  thie  paper 
to  "normal  circumstances",  that  is  conditions  of  relatively  weak  intensity 
scintillation,  values  of  a  *  about  0.5  or  less. 

it 
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We  (hall  also  make  use  of  the  fact  that  if  a  and  9  are  two 
independent  gauesian  random  variables  with  mean  values  a  and  F  >  and 
if  a  and  b  are  two  arbitrary  constants,  then* 

<  exp  (a  a  +  b  8 ))  -  exp  {fc  [  a*  <  (a  -  a)“)+b,<(B-F  f  >]  +(aa  +  bf)).  (10 ) 

The  concept  of  a  tracking  optical  heterodyne  receiver  is  based  on 
the  fact  that  for  any  particular  random  sample  of  wavefront  distortion  over 
an  aperture,  there  is  a  corresponding  random  vector  a  which,  in  a  minimum 
mean  square  deviation  sense,  moat  accurately  provides  a  match  through  the 
function  a  *  x  to  the  distorted  wavefront  phase  <p{x).  The  tracking  optical 
heterodyne  receiver  is  continuously  adjusting  its  operation  to  correct  for  this 
tilt,  so  that  it  sees  a  distorted  wavefront  with  log-amplitude  and  phase  fluctu¬ 
ation  which  appear  to  be  l(x)  and  <p(x  )  -  a  *  x.  This  means  that  the  instan¬ 
taneous  antenna  gain  for  tracking  optical  heterodyne  detection,  which  we  denote 

A 

by  G  .  is.  in  analogy  with  Eq.  (1),  given  by  the  expression 

G  -  a  J  J  d  xx  d  x,  WQ(51 ;  D>  W0fo  :  D)  exp  [l  &)  +  ifo)  ] 

x  c os  (  [  cp{xj  -  a  •  xx]  -  [<p(*>  -  a  •  Xq  ]  }  .  (11) 

In  our  calculations,  we  shall  only  be  concerned  with  the  statistics  of 
a  in  terms  of  (  a*  a)  .  and  shall  use  the  fact  that  a  ,  being  derived  by  a 
linear  process  from  <p(x),  must,  like  cp(x),  have  a  normal  distribution.  In 
reference  8.  it  is  shown  that 

We  restrict  the  allowed  values  of  .  the  tilt,  to  real  values,  although  If  we 
had  allowed  complex  values,  we  could  have  matched  a*x  to  the  complex  phase 
t(x)  rather  than  just  the  real  part,  cp(x).  Tracking  of  complex  values  of  a 
could  be  accomplished  in  a  tracking  optical  heterodyne  receiver  by  varying 
the  local  oscillator  intensity  across  the  aperture^  although  this  will  be  quite 
a  bit  more  involved  than  simply  tracking  a  real  a.  Because  we  are  restric¬ 
ting  our  attention  to  weak  intensity  scintillation  (cf,  the  previous  note),  tjje 
restriction  of  a  to  real  values  and  tracking  only  cp(x  )  and  not  the  entire  t(x) 
should  impose  no  very  great  limitation  on  system  performance.  (For  strong 
scintillation  and  saturation  of  scintillation,  the  situation  is,  of  course,  much 
more  complex  and  some  aspects  appear  to  be  beyond  the  capability  of  presently 
available  theory.  ) 
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64  ^  1. 

<  a  •  a  >  -  ^jjjr  J  U  du  [  (  12  u  -  8  u*  )(1  -  u*  )•-  4  cos'1  u  ]  D  (Du)  .  (12) 

o 

where  D  is  the  diameter  o £  the  circular  aperture  over  which  we  sample 
the  wavefront  and  ma.ch  a  .  Substitution  ot  Eq.  (?)  into  this  expression 
yields  the  result  that 

<1  -  I)  •  2x  6.88  r0'*/J  D'i  *  (12*) 

The  quantity  we  are  ultimately  interested  in  evaluating  is  the 

normalised  antenna  gain  variance  for  the  tracking  heterodyne  receiver  a  “*  . 

C 

We  define  this  quantity  by  the  expression 


a 


<  (G  -  <G )f) 
(  G  f 


(13a) 


although  for  completeness,  we  shall  provide  a  parallel  evaluation  of  the 
normalized  antenna  gain  variance  for  the  static  optical  heterodyne  receiver. 
Oq*  ,  where 


<  (G-  <  G)  f  > 


(13b) 


G  <  G  )* 

as  well  as.  of  course,  calculating  the  average  antenna  gain  for  the  tracking 

A 

and  the  static  systems,  <  G)  and  (G),  respectively.  Making  use  of  the 
commutivity  of  integration  and  ensemble  averaging,  and  recognizing  that  a 
product  of  tvo  Integrals  can  be  rewritten  t,s  a  double  Integral,  It  Is  quite  easy 
to  see  fromEq,'s  (1),  (ll),  and  (13a  and  b)  that 

<  G>  ■4D*‘  d^s  WcUi  ;  D)  WQ(*;  D)  <  1  >  ,  (14a) 

<  ft  >  -  aD-*J7d^dr,  W0  (jq  ;  D)  W06, ;  D)  <  2  >  , 


(14b) 


0GM<G>-*a*  D^JJJJdSj  dMx,  d*  W0<^;  D)  W0£,;  D) 

X  WQ  (x,:  D)  W0(^;  D)  <3  >  ]  -  1  ,  (14c) 

*  The  value  given  as  2  i"n  (12  ' )  is  apparently  more  precisely  given  as 

2.05.  but  for  convsnience,  ws  approximate  it  as  2  . 
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a6‘  -  C<GV>aBD-*J,JJ,J,d^d^d  x,d*  W^,  D)  W0£.  ,  D) 

X  W  Q  (xs ,  D)  W06*;  D)  <4>]  -  (14d) 

where 

<1>  -  <  exp  [  t  (j^)  +  t  (5^)3  coi  C  «P >  -  ?(*«)  3  >  •  U5») 

<2)  -  (exp  [  i(xj)  +  Hxa)  ]  coi  {  [tpfct*)  •  a  •  3^  ]  -  [  cp(xt)  -  a  •  *«  3  )  >  05b) 

<3>  -  (exp  [  jUxJ  4-  i(xa)  +  i(x3)  +  f(x*)3  coi  [^(xj)  -  tp(x,)  ] 

x  coi  [  cp(x,)  -  <p(x*)  3  )  >  (15c) 

(4)  *  (  exp  [  i (xj  +  i(x,)  +  i(xa )  +  f  (x*)  ]  coi  {  [<p(xl)  -  a  ■  x*  3 

-  C  q>(x,  )  -  a  *  xa  3  }  coi  {[  tp(x#)  -  a  •  x,3  -  C  tp(xj  -  a  *  x*  3  }  )  .  (15d) 

SIMPUFICATION  AND  REDUCTION 

In  order  to  preient  the  simplification!  and  reduction!  in  the  molt 

easy  to  follow  manner,  we  shall  adopt  an  orderly  approach  of  lubtaski  of 

incrementally  increasing  complexity,  each  drawing  as  much  as  possible  on 

* 

the  preceding.  We  shall  first  consider  the  evaluation  of  (  G)  .  then  of  (G)  , 

and  then  of  Op*  .  and  only  finally  as  the  most  complex  of  the  tasks,  of  o»a  . 

u  G 

The  treatment  of  (G)  follows  that  presented  in  reference  3.  We 
•  tart  by  noting  that  because  of  the  isotropy  of  propagation  statistics 
[  L (x1)  +  f(xg)  3  is  independent  of  [  ^(x^)  -  cp^)  3  since 

<  [  l(x^)  +  l(x^)  3  [  <p(xi)  -  cp(xa)  3  >  ■  0  ,  (16) 

and  since  the  two  are  gaussian,  which  means  that  if  their  lowest  non- trivial 
joint  moment  has  zero  value,  then  so  do  all  of  their  joint  moments.  The 
validity  of  Eq.  (lb)  follows  from  the  fact  that  interchange  of  x1  and  does 

nothing  more  than  introduce  a  180°  rotation  so  that  consideration  of  isotropy 
leads  to  the  conclusion  that  the  1.  h.  s.  of  Eq.  (16)  must  be  unchanged,  but 
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manifestly  the  interchange  of  jq  and  x,  reverses  the  sign  of  the  contents  of 
the  angle  brackets.  The  only  way  both  considerations  can  be  satisfied  is  for 
the  l.h.a.  of  Eq.  (16)  to  vanish,  hence  the  validity  ai  Eq.  (16).  From  this  it 
follows  that  we  can  rewrite  (  1  )  as 

<1)  -  (  exp  [i(xx)  +  Kxq)  ]  >  <  cos  [  tpUi)  -  tp(x*)  }  >  .  (17) 

Now.  by  making  use  of  Eq.  's  (4a,  b,  and  e).  (8),  (9).  and  (10),  we  can  show 
that 


<  exp  [i (xx)  +  £(x»)  ]  )  -  exp  [-  ^D^pl  3  ,  (18ai 

and  that 

<  cos  [^(xj  -  <pfo)  ]  >  -  exp  C-  $  3,  (18b 

so  that  in  accordance  with  Eq.  (6). 

<  1  >  -  exp  C-  4  D^(p)  ]  .  (19) 

(To  obtain  Eq.  (18b).  we  had  to  decompose  the  cosine  into  its  exponential 
form.  ) 


If  we  now  combine  Eq.'s  (14a)  and  (19),  we  see  that 
<G>  -  a  D-9  JJ  d^  dTq  W0(^;  D)  WQ(^  ;  D)  exp  [-  \  D^p)  ]  . 

If  we  transform  the  variables  of  integration  from  Xj  .  Xg  to  p  ,  c  where 
P  “  *i  -  *8 

C  -  i  (Xj  +  x s  )  . 

and  define  the  function  Wj  (p  ;  D)  by  the  equation 

Wi(p  ;  D)  -  J*  d  o  W  (a  +  ^  p  ;  D)  W„  (o  -  f?  ;  D)  , 


(20) 


(21a 

(21b) 


(22) 
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then  we  see  that  Eq.  {20}  can  be  rewritten  ai 

D 

( G >  -  2na  D“*  J*  p  dp  W:  ( p  ;  D}  exp  [-  *  D  (p)  ]  . 

f'l  * 


(23) 


THere  we  have  viewed  the  p-integration  aa  being  over  polar- coordinate* 
and  have  made  use  of  the  fact  that  Wr(p  ;  D)  ia  dependent  only  on  the  magni¬ 
tude  and  not  the  orientation  of  p  ,  to  allow  ua  to  perform  the  angular  part  of 
the  integrationi  thereby  developing  the  factor  of  2n  .  ]  Conaideration  of  the 
nature  of  the  integrand  in  Eq.  (22)  makes  it  clear  that  it  is  a  function  equal 
to  unity  in  a  region  in  a- apace  corresponding  to  the  overlap  of  two  circlea 
of  diameter  D  and  a  distance  p  apart  (center-to-center),  and  equal  to 
tero  elsewhere.  This  makea  Wx(p  ;  D)  equal  to  the  area  of  overlap  of  the 
two  circlea.  From  simple  trigonometric  analysis,  it  can  be  shown  that 

*  EP  (  cos"1  (p/D)  -  (p/D)  [1  .  (p/Df]*}  if  p  s  D 
0  if  p  >  D  {24) 


UMp,  D) 


{ 


so  that  quite  obviously  the  limits  on  the  integration  in  Eq.  (23)  are  somewhat 
redundant.  If  we  substitute  Eq.'s  (7)  and  (24)  into  Eq.  (23),  and  choose  a 
to  be  equal  to  (4/n  ra)°  .  we  get 

<  G)  -  —  (—  )*  J  u  du  [cos-1  u  -  u(l  -  u*)*  ]  exp  [- 3. 44 (D/ u*  ]. 

tt  rc  q 

(25) 


This  particular  choice  of  value  for  a  insures  that  the  asymptotic  value  of 
<G)  for  very  large  values  of  (D/r0)  is  unity.  This  completes  the  reduction 
and  simplification  for  (G)  ,  since  the  u-integration  can  be  quite  easily 
carried  out  on  a  digital  computer. 


Our  treatment  o'  (G)  follows  essentially  the  same  procedure, 
except  that  we  need  to  call  attention  to  three  lemmas,  first  presented  in 
reference  9.  These  are  that  (1)  the  distribution  of  a  ,  like  that  of  <p  and  i 
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it  gausaian;  (II)  the  distribution  oi  [tp(x)-a«x]  is  independent  of  the 
distribution  of  a  ;  and  (III)  the  distribution  of  {[tf(xl)  -  a  •  jq]  -  &p(x«)  -  a  •  Xg3  } 
if  independent  oi  the  distribution  of  [f^)  +  jt(xg)  ]  .  Umnta  I  follows  from 
the  fact  that  a  is  determined  as  a  linear  function  of  tp  .  Lemma  II  follows 
from  a  plausability  argument  regarding  the  independence  of  the  sign  of  a  (i.e.. 
a  and  -a  should  be  equally  likely),  quite  separate  from  the  nature  of  the  higher 
order  distortions  of  the  wavefront.  Lemma  III  follows  from  an  isotropy  argu¬ 
ment.  equivalent  to  that  leading  to  Eq.  (lb),  together  with  Lemma  1. 

Lemma  (III)  allows  us  to  rewrite  ^*9.  (15b)  as 

<2>  -<exp  [f  (jq)  +  l(xa)  DfcoB^^xJ-a*  Xjl-  [<p&)  -  »  *  ]  }  >.  (26) 

From  Lemma  (1).  it  follows  that  the  argument  of  the  cosine  in  Eq.  (26)  has 
a  gaussian  distribution,  so  that  with  the  cosine  written  in  its  exponential 
form,  and  recalling  Eq,  (18a).  we  get 

<2  )  -  exp  [-  D  (p)  ]  exp  (-  i  ((CcpOq)  -  a  •  xj  -  [  tpte,)  -  a  •  ^  ]  }8  >  )  (27) 

With  a  little  manipulation,  we  can  show  that 

(  {  [tp(xj)  -  a  •  X*  ]  -  Ctplxg)  -  a  •  Xg  ]}8  >  -  <  [<p(x,)  -  tpixg)  ]*  > 

-  <[a  <  (xj-  i^)  ]*>  +2  <  { [  to ( Xi )  -  a  *  Xi  ]  -  [tp(*s)  -  a  •  ]  } 

X  a  •  (jq  -  Xb)  )  (28) 

Lemma  II  implies  that  the  last  term  on  the  r.h.s.  of  Eq,  (28)  equals  zero. 

Since  a  is  an  isotropically  distributed  random  variable,  while  (xl  -  Xg )  is 
a  non- random  quantity,  then  it  follows  that 

<  [  a  •  (xx  -  xg)  ]8  )  -  i  (»  '  a  )  lxi"xol* 

-  i  (  a  •  I  >  p"  .  (29) 
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Now.  ai so  recalling  Eq.  (4e),  we  see  that  we  can  write 

<  [CtpW)  -  a  •  xx  ]-  [tpfo)  -  a  •  ^(p)  *  *  <  a  *  a  >  p*  .  (30) 

ao  that,  with  Eq.'a  (6).  (7).  and  (12  ),  we  get 

<2>  -  exp  {  -  *  D^(p)  Cl  -  (P/D)*]}.  <31) 

Now,  with  exactly  the  same  simplifications  in  treating  the  double 

vector-integration  in  Eq.  (14b),  that  we  previously  applied  in  evaluating  <G>, 

A 

we  get  for  (  G  )  , 

0  6  6  , 

("F^")  Jlu  du  [cos-1  u  -  u(l-u“)*]exp  [-3. 44<D/rQF  <?(l-u  )].  (- 

TT  O 

In  this  form,  we  can  now  carry  out  our  evaluation  of  <G>  by  simple  numeri¬ 
cal  integration.  and  may.  therefore,  consider  our  treatment  of  <6>  complete 
to  the  extent  intended  in  this  section.  We  now  proceed  to  the  treatment  of 


We  start  our  simplification  of  oQa  by  substituting  Eq.  (15c)  into 
Eq.  (14c),  making  use  of  the  fact  that  2  cos  A  cos  B  -  cos  (A  +  B)  +  cos  (A  -  B) 
to  get  the  product  of  cosines  into  a  single  cosine  function,  and  then  using  our 
ability  to  simply  interchange  the  two  variables  of  integration  labeled  x,  and 
^  so  as  to  get  the  terms  corresponding  to  cos  (A  +  B)  and  to  cos  (A-  B)  into 

the  same  form.  Thus  we  get 

„  ■  -  [>>-•  D-‘ JJ7J  -S,  S.  dS.  W„&;DI  W0S.,D>  W0S.;D| 

*  W0(S,°D)<3'>]  -  1  <35> 


where 


<3'>  -  < exp  [!&>  +  Kx ,)  +  f(xa)  +  i(x*)]  cos  0p&)  -  9&>  +  <p(*s>  -  <p(^sH>*  <34) 
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We  new  invoke  »rg'jmenti  regarding  isotropy  of  the  statistic*  to  allow  us 
to  separate  the  averages  over  t  and  cp  in  Eq.  (34),  and  thue  can  rewrite 
<3'>  a# 

<3'>-  (exp  +  l  (xa)  +  i(x*)3>(cos  C<p(*i)  -  <p(>^)  +  <p(Xa)  ’  <P  (*»)])  •  (35) 

Now  by  making  use  of  Eq.  's  !4a,  b,  and  d)  and  (10),  we  can,  aTter  some  mani¬ 
pulation  of  terms,  write 

<«*P  C iGi)  +  i(xs)  +  i Ua)  +  *(**>]  >  -  exp  {-  fc[Dx  (  l*i  -  *•!  -  Dx(i*i  ~  |) 

+  (|xj  -  it*  |  )  •*■  D4(|^  -  x,  I  )  -  Dx  (|*  -  X*  |  )  +  Dx(|xa-  x*  |  )  ] 

+  Cx  (|x!  -  xa  | )  +  (|xa  -  x*i }  1  }  .  (36) 

The  fact  that  for  any  values  of  a.  b,  c,  and  ,4 

T1  T1  Tl  Tl  T|  "H 

(a  -  b  ♦  c  -  d)  »  (a  -  b)  -  (a  -  c)  -*•  (a  -  d;  ♦  (b  -  c)  -  (b  -  d) 

T) 

+  (c  -  d)  ;  for  T) »  1  or  2  ,  l3v) 

allows  us,  upon  consideration  of  Eq. ‘s  (4c)  and  (10), to  write  down  by 
inspection 

(cos  [tp(xx)  -  <p(xg)  +  <p(x3)  -  <p(x*)  3  ^  *  exP  I"  4  (|x!  -  Xg! )  -  E*P  (|x*  -  xa  |  ) 

♦tVl*i-*J)  +  D<p(|*9-*»l)-  ( |  Xg  -  X*| )  +  D,p(  |x3-  |  )  ]  }  (38) 

where  in  applying  Eq.  (10),  we  have  considered  the  cosine  function  to  be 
replaced  by  its  exponential  representation. 

Now,  by  taking  note  of  Eq,  (6),  we  see  that 

(3')-  exp  {-  4C  (fo-  7L,| )  -  D^(|xx  -  x3  |  )  +  D^d^-  x^l)  +  D^(|x,-  x,  | ) 

-  Df(|^B-^|0  +  Dt(pa-^|)]  +  2[Ci(Pl-  xa|)  + C^E,-  x*M  )  .  (39) 


L-l  6 


LMSC-B290200-III 


We  now  make  use  of  Eq.  (7)  and  argue  that  inasmuch  as  Eq.  (37)  ia  valid 
for  T) «  1  and  for  T) »  2  ,  it  should  be  approximately  valid  for  T)“  5/3  . 
(Certain  minor  deficiencies  in  this  approximation  will  become  apparent 
later  in  our  analysis,  and  we  shall  introduce  appropriate  corrections  at 
that  time.)  This  permits  us  to  write 

<3')  -  exp  {-  -  ^s+  xa-  x*  |)  +  ZCC^fo-  xa|)  +  C^fx*-  x*  | )]  }  . 

i 

We  now  substitute  the  expression  back  into  Eq.  (33)  and  argue  that 
except  in  cases  of  very  severe  intensity  scintillation,  which  lie  outside  the 
bounds  of  our  treatment,  the  dominant  effect  governing  the  performance  of  the 
optical  heterodyne  receiver  is  due  to  phase  distortion  and  ia  contained  in  the 
D^-term.  As  far  as  receiver  gain  variations  are  concerned,  the  C^-terms  in 
Eq.  (40)  can  be  thought  of  as  contributing  basically  in  terms  of  the  variation 
in  total  signal  power  incident  on  the  heterodyne  receiver  aperture.  The  fact 
that  the  terms  have  an  x -dependence  rather  than  being  simply  of  the  form 
of  0^(0)  can  be  considered  to  represent  the  fact  that  the  variation  in  total 
power  onto  the  aperture  is  less  than  C^(0)  because  of  aperture  averaging. 
Ape  rture  averaging  is  treated  in  reference  14,  where  it  iB  shown  that  the 
signal  power  collected  in  an  aperture  of  diameter  D  has  a  variance  given 
by  8[exp(4  of)  -  l]  ,  where  of  is,  of  course,  just  the  log-amplitude 
variance  and  0  is  a  quantity  called  the  aperture  averaging  factor.  6  is  a 
function  of  (D/pc)  ,  where  pe  is  the  correlation  distance  for  log-amplitude 
variations.  pQ  is  of  the  order  of  (L\)^  where  \  is  tk  -  optical  wavelength 
and  L,  is  the  propagation  path  length,  or  for  a  non-uniform  path  such  as  one 
vertically  through  the  atmosphere,  the  distance  to  the  dominant  turbulence 
region.  For  D/p0  smaller  than  unity.  0  is  of  the  order  of  unity,  while 
for  values  of  D/p0  much  larger  than  unity.  0  approaches  a  value  of  Kero. 
For  our  purposes,  rather  than  use  the  expression  0  [exp(4o8  )  -  1}  to 

it 


(40) 
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express  aperture  averaging,  it  is  more  convenient  to  work  in  terms  of 
an  aperture  averaging  factor,  8 *  which  has  the  same  general  charac¬ 
teristics  as  6  as  far  as  its  (D/p0)-dependence  is  concerned,  but  with 
somewhat  different  values  incorporating  a  a  ^-dependence  so  that  the 
collected  power  variance  can  be  written  as  [exp  (40*  a  *  )  -  l  ]  . 

The  form  of  the  0'-dependence.  as  well  as  the  preceding  argument 
concerning  the  significance  of  the  C^-dependence  for  Eq.  (40)  substituted 
into  Eq.  (33).  leads  us  to  the  conclusion  that  it  is  reasonably  accurate  to 
write 

°G3  ■  {  <  G>"  *  (  irV0)4  D”4  exP  <40'  °jta) l III  **  d^s^a  <£•  WG  ^  ;D) 

x  W0(Xq  ;D)  W0(x4  ;D)  W0(x*;D)  exp  [-fcD^  (fo  -  x,  +  x*-  xj)  ]  }  -  1  .  (41) 

In  order  to  simplify  this  quadruple  vector  integration,  we  first 
make  the  coordinate  transformations  that 

Pi  -  Xj  -  Xa  ,  7/-  fcUi  +  x*)  .  (42a) 

p3  ■  x*  -  xa  .  p» '  “  (xa  +  x*  )  ,  (42b) 

so  that  we  can  write 

°G#  *  {  D"*exP  <46'  °i]  JJ  dP>  dP»  W*  & ;D)  wi tP»; D) 

X  exp  C-i  (I  Pi  -  7a  I)  }  "  1  >  (4:) 

where  we  have  made  use  of  Eq.  (22)  to  allow  us  to  perform  the  p1*-  and  the 
pa '-integrations.  Now  if  we  made  the  further  transformation  of  variables 
that 


<3  ■  7i  -  Pa  ;  a  '  ■  i  (Pi  +  P8)  • 


(44) 
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and  deline  Ws(o,D)  as 

W,'(a,D)  -  jdo'  Wilo'  +  to.  D)  W1(a'-  |o;  D)  .  (45) 

then  we  can  write  o  *  as 

oG*  -  t  <G>'*  (512/rt*  r^D®)  exp  (46'c^)  J  o  do  W,'  ( c  ;  D>  exp[-|  D^(o)3)  -  1  . 

(46) 

In  this  term,  we  can  consider  the  evaluation  of  o_*  to  Be  a  straight¬ 
en 

forward  matter  involving  a  one -dimensional  numerical  integration,  except 
that  first  we  need  a  useable  expression  for  Wa  .  We  have  found  that  be¬ 
cause  of  the  nature  of  the  boundary  conditions  involved  in  the  integral  in 
£q.  (45).  we  can  not  reduce  this  expression  to  less  than  a  two-dimensional 
integral.  With  a  little  manipulation  of  terms,  and  recognizing  that  the  inte¬ 
grand  is  such  that  we  can  divide  the  region  of  integration  into  four  equivalent 
quadrants,  and  so  need  only  carry  out  the  integration  over  one  of  those  four 
quadrants,  we  get  the  result  that 

P'  Q' 

Wa'(r  ;D)  -  |  dp  J  dq  f(p  +  —  ,  q)  f(p  -  £  -jj-  .  q)  .  (47a) 

o  o 

where 

P'-l-i-g-  ;  Q'-  [1  -  Ip  +  l-g-f  3*  ,  (47b) 

cos'1  [xf  +  y*)^  ]  -  (x*  +  y*)^  [l  -  (x*+  y*)  3^  for  x*+  y*  <  1 
0  for  x?+  y®  >  1  . 

This  representation  for  Wa  is  entirely  adequate  for  numerical  computation, 
so  that  we  may  consider  our  simplification  of  the  expression  complete,  and 
will  now  proceed  to  the  simplification  of  the  expression  for  o»*  .  f  However, 
before  closing  this  section,  we  Shall  return  to  the  form  of  the  expression  for 
0^  as  given  in  Eq,  (46)  to  introduce  the  corrections  for  the  approximate 


f(x.  y)  -  { 
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nature  of  Eq.  (37)  when  used,  as  we  have  done,  with  T)  m  5/3,  for  the 
derivation  of  Eq.  (40).  ] 

We  start  our  treatment  of  o  -*  by  noting  that  the  same  arguments 
that  allowed  us  to  recast  (3)  as  given  by  Eq,  (15c)  in  the  form  of  (3*)  as 
given  by  Eq.  (35)  are  equally  applicable  to  (4)  .  For  the  purposes  of  evalu¬ 
ating  o“8  in  Eq.  (14d).  we  can  replace  (4)  by  (4')  ,  where  (4*)  is 
given  by  the  expression 

<4'>  -  (  exp  [  l  (xj)  +  f(xg)  +  f(: 1, )  +  t  (xJlXcos  ([^(jq)  -  a  •  aq  ] 

-  [<p(jq)  -  a  •  3q  3  +  [sptx,)  -  a  •  x*]  -  C«p(x*)  -  a  •  x*  3  }  >  •  t48) 

The  ensemble  average  for  the  log-amplitude  expression  is  given  by  Eq.  (36). 
With  the  cosine  function  replaced  by  its  exponential  form,  Eq.  (10)  allows 
us  to  write 

(cos  {  [cptxj)  -  a  *  x  3  -  [  cp(xo)  -  a  •  Xg]  +  [cp(x3)  -  a  •  x*3  C<P(x*)  “  a  •  x*  3  ] 

-  exp  (  -  i  <  (  C  «P<Xi)  ■  a  *  Xi  3  -  Ccp(xa)  -  a  •  jq  ]  +  [<?(*»)  '  a  *  **3 

-  [tp (xj  -  a  •  X*]  }“>  )  W) 

By  making  use  of  Lemma  IL  as  presented  before  to  argue  the  independence 
of  a  and  [tp(xj)  -  a  •  Xj  ]  ■  and  after  extensive  algebraic  manipulations,  we 
can  obtain  the  result  that 

<  l  U(*i)  -a  •  1  -  [<p6?»  )  -  a  *  3  4  C9(xa>  "  a  *  3  "  £  ”  a  *  *s  3  ? 

■  Dtp  (Pi  -  *9  I  >  -  °<p  (fh  -  *3|)  +  d9(  lxi  -  *il  >  4  ( !*a-  *a  i ) 

-  Dtp  (  r*9-  **l )  4  Etp  (|*s-  X*l )  -  <  [a  •  (Xi  -  x,)3‘>  +  <C»  •  (Iq  -  x*)]“  ) 

-  (  [a*  (xx  -  x*  )3a  )  +  <  [a  •  (xg  -  xa)3*  )  -  <[a  •  (sq  -  x*)3*  ) 

-  <  [a  •  (xa-  x*  )3“  >  •  (50) 
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With  this  equation  substituted  into  Eq,  (49)  and  l^at  into  Eq.  (48), 

with  Eq.  (36)  also  substituted  into  Eq.  (48).  and  taking  note  of  Eq.  (6).  we 

can  write 

<4*>  -  exp  {-  t  [d^(|xi-  Xg|  )  -  D^dlq-  x3|)  +  D^(|3^  -  x*|)  +  D^(|x.-  **|) 

-  D|d*e-  x*|)  +  D^(|  x3-  xj)  -  (  C a  •  (Xj  *  x,)3*>  +  <  [a  •  (x,  -  x*)3*> 

-  <[a  •  (x,  -  x*)f  >«  < [a  •  (x,-  x.)3*>  +  <[a  •  (x*-  x*)3*> 

-  <[»  •  (*-*)]•>]►  ^|)  +  cx(j^-  x»|)  ]  },  (51) 

Now  if  we  make  use  of  Eq.  (30)  with  the  argument  that  the  equation  is  approxi¬ 
mately  valid  with  T|  *  5/3,  and  take  note  of  Eq.  (9),  then  we  can  combine  all 
of  the  D^-terms  in  Eq.  (51)  into  a  single  term  equal  to  Xw+  xa-  xj)  . 

Similarly,  we  can  use  Eq.  (30),  in  its  exact  form  with  T|  •  2  to  allow  us  to 
combine  all  of  the  a  •  (x£  -  Xj  [-terms  into  a  single  term  equal  to 
{-([a‘(x1-xB  +  x3-  x*)3*  )}  .  Since  a  is  an  isotropically  distributed 
random  vector,  while  (xl  -  Xg  +  x3-  x*)  is  a  non- random  vector,  we  can  write 

-  <  [  a  •  Ux  -  x,  +  x3  -  x*)3*  >  -  -  i<a-a>|x1-x8+x3-x*l8.  (52) 

Thus  we  are  able  to  write 

(4')-  exp  {-  i  [  (|xj-  x3-  l^t)  -  i  (  a  ■  a>|xi-^+x3-x*r  ] 

+  2[C^(|x1-x3|)+C^(jx8-x*|)Ji  (53) 

Now  if  we  make  use  of  Eq.  (7)  and  (12'),  we  can  write 

<4'>  -  exp  {-  i  D)  (|xj-  Xg+  x3-  ^  j)  [  1  -  ((xi  -  Xb  +  x3-  x*|/D)$  3 

+  (|x,-  31, 1)  +  Ct  (|xs-  X»  |)  }  .  (54) 

in  analogy  with  the  treatment  leading  to  Eq.  (31).  If  we  substitute  this 
result  into  Eq.  (14d)  [with  (4#)  replacing  (4)  in  accordance  with  the  dis¬ 
cussion  preceding  Eq.  (48)  3  >  introducing  the  arguments  regarding  aperture 
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averaging  just  as  we  did  in  going  from  Eq.  (40)  to  Eq.  (41).  make  the 
coordinate  transformations  first  to  pt  ,  pj',  pa  ,  pa'  ,  and  then  to  o  and 
o  '  •  and  perform  as  many  of  the  integrations  as  possible,  we  obtain  the 
result  that 

°G  "  (  (<^'8  <5U/t,S  ro*  D4)  exp  (46'  of  )  J  o  do  W,'  (o  ,  D) 

x  exp  (-4  D  (o)  [  1  -  (o  /  D)^  ]  }  )  -  1  .  (55) 

Since  we  have  a  numerically  calculable  expression  for  Wa  .  as 

given  by  Eq.  ’s  (47a.  b.  and  c).  we  may  consider  that  we  have  a  suitably 

simplified  form  for  a  £  .  However,  before  we  can  close  this  section,  we 

need  to  call  attention  to  an  inaccuracy  in  our  results,  deriving  from  the 

approximate  nature  of  Eq.  (37)  when  used  with  T)“  5/3,  and  attempt  to 

correct  its  effect  on  the  results  for  of  and  o 

u 

We  call  attention  to  the  fact  that  Wa(<-;D)  is  non-zero  for  values 
of  a  up  to  2D,  which  can  be  seen  by  consideration  of  Eq.  's  (47a.  b.  and  c). 

This  means  that  the  factor  [l  -  (o/D)^]  in  the  exponent  in  Eq.  (55)  goes 
negative  for  much  of  the  range  of  values  of  c  .  If  we  consider  that  this 
factor  [and  its  equivalent  in  Eq.  (32)}  is  supposed  to  represent  the  fact  that 
wavefront  tracking  removes  some  of  the  phase  variations  as  far  as  the  opti¬ 
cal  heterodyne  receiver  is  concerned,  then  we  see  that  the  fact  that 
[l  -  (o/D)^]  is  negative  indicates  that  in  making  our  approximations,  we 
have  let  the  tracking  subtract  more  phase  variation  than  our  approximations 
indicate  is  present  with  no  tracking.  Clearly,  this  inaccuracy  needs  to  be 
controlled.  Inasmuch  as  there  is  no  inaccuracy  in  the  (c/  D)i  term,  since 
it  was  calculated  using  the  exact  form  of  Eq.  (37)  (i.e..  with  T|  -  Z),  it  is 
obvious  that  the  unity  value  in  [l  -  (<j/D)^]  needs  to  be  replaced  with  some¬ 
thing  larger.  The  problem  can  be  seen  as  arising  for  values  of  o  of  the 
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order  of  2D  ,  because  (or  such  large  values  to  occur  within  the  boundary 
constraints  it  is  necessary  (or  (x^  -  x,)  and  (x4  -  x*)  to  both  have  magnitudes 
of  the  order  of  D  and  to  be  nearly  parallel.  For  smaller  values  of  o  ,  of 
magnitude  D  or  less,  this  constraint  is  much  weaker,  and  almost  entirely 
disappears  for  c  nearly  equal  to  zero,  where  we  see  that  the  unity  value  is 
apparently  valid.  We  thus  argue  that  an  adequate  replacement  (or  unity  in 
the  expression  [1  -  (o/ D)^  ]  is  [  1  +  ^  -  l)(a  /D)  ]  so  that  we  have* 

.  (  <G>**exP  (4  •  #c1a)(512/«*  rQ4  D4 )  J  odo  W,'  (o  ;  D) 

x  exp  |  D  (o)  [1  +  |(2$-  l)(o/D)  -  (o/D)$]  ))  -  1  .  (55*) 

Similarly,  we  make  an  equivalent  change  in  the  expression  (or 

a  *  .  and  thus  obtain  the  result  that 
U 

cG*  -  (  <  G)-»  exp  (4  e'0l8)(5i2/TT3  rQ*  D4)  J  odo  Wa*(c.D) 

*  exp  (*  i  ^  (c)  Cl  +*U*-  1)(0/D)]  }  )  -  1  .  (46*) 

We  are  now  ready  to  proceed  with  the  numerical  evaluation  of  the 
expressions  for  <G)  ,  <G)  .  Cq1  ,  and  o£j8  .  which  we  perform  in  the 
next  section. 

NUMERICAL  EVALUATION 

Eq.'s  (25)  and  (32),  which  we  repeat  here,  are  entirely  adequate 
for  programming. 

<G>  «  —  (— )  C  u  du  [cos-1  u  -  u(l-u8)^]  exp  [-  3.44  (D/r0f^3  u*^3]  .  (25) 

<G>  -  ~  (—)*  j\i  du  [cos‘lu  -  u(l-u8)*]exp  [-3.44  (D/r^*  u^U-u*  )].  (32’  ) 

0  _ _ _ 

*  It  should  be  recognized  that  this  correction  is  not  accounted  for  in  a  previous 
paper,  i.e.,  reference  4, 
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For  convenience,  we  introduce  the  function  Wa(u)  in  piece  of  Wa'(o;D)> 
where 


Wa(u)  •  Wa'(2u  D;D)  D"# 


4*6) 


•  o  that 


with 


P  Q 

Wa(u)  "  J*  dp  J*  dq  f(p  +  u  ,  q)  f(p  -  u) 


o  o 


P  -  1  -  u  ; 


Q  -  [  1  -  (p  +  u)8 


(57a) 


(57b) 


and 


«x,y)  -  { 


cos"l[(x?  +  y8)^  ]  -  (x8  +  y8)^  [1  -  (x8  +  y8)]^  ,  for  y8  <  1 
0  ,  for  x*v  >  i  • 


(57c) 


Now  we  can  write 


Uq*  ■  £  (  exp  (40'a^8  )  ^  J  u  du  W6(u)  exp[-3.  44  x  28^*  (D/r0f/*  u8^8 
x  [l  +  (2^-  1)  u]  }  )  /(  J  u  du  [cos-1  u  -  u(l-u8  )^  ] 
x  exp  C-  3.44(D/r0f/3  u6-*  ]  )  ]  -  1  . 


(58) 


and 


o£8  -  [  (exp  (4  0'  a*  )  J  j'u  du  Wa(u)  exp  {-  3.  44  x  Z*P  (D/r0f/* 

x  [1  +  (2^-  1)  u  -  2^  1  }  )  /  (  J  o  du  [cos"1  u  -  u(l-u8)^  ] 

X  exp  [-  3.44(D/rCJf/3  (1  -  u*)°]  )  ]  -  1  .  (59) 

To  limit  the  calculations,  it  is  useful  to  separate  the  o^-dependence  and 
the  wavefront  distortion  dependence.  We  do  this  by  introducing  the  functions 
*(D/r0)  and  *(D/rQ)  ,  wnere 

[  u  du  Wa(u)  exp  [-10.  92  (D/ r  f/3  u6/3  (1  +  0.26  u)] 

4 (D/ r0)  -  I  Z _ 

1  /“ du  c  co,“ u  -  )4]exp  [-  3.44(D/rof^u0])» 


(60) 
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♦  (D/r0>  -  ?f 


Ju  du  W8(u)  exp  [-  10.  9 Z  (D/r0f>  ue/*  (1  +  0.26  u  -  1.26  u*  )] 


{  J  u  du  [co«*1a  -  u(l-u*)^]  exp  [-3.44  (D/r0f^*  u*^(l-u^)3}* 


.  (61) 


Then  we  can  compute  the  wavelront  distortion  by  evaluating  I  and/or  I  • 
and  combine  this  with  the  log-amplitude  variance  dependencei  as  shown  in 
Eq. 1  s  (62a  and  b}, 

o  *  ■  exp  (4  ©#  o  8  )  *(D/r0)  -1  . 


'fif  “  e*P  (4  0'  o.*)  •  (D/r0)  -  1 


(62  b) 


0  /  *■  fl 

to  obtain  <Jq  and/or  Oq 

A 

We  have  programmed  the  numerical  calculations  of  (G>  ,  (G)  , 

A 

I  (D/r0)  .  and  4  (D/ rD)  with  all  integrations  performed  by  means  of  a  Simpson's 
Rule  approximation.  For  the  two-dimensional  integration  involved  in  evalu¬ 
ating  Wa(u)  ,  we  used  20-intervals  for  each  dimension.  For  the  u-integration 
in  Eq. 's  (25).  (32),  (60),  and  (61),  we  use  a  50-interval  form  of  Simpson's 
Rule.  Ln  Table  I,  we  show  the  calculated  values  for  Wx  *(u)  ,  where 

Wj*(u)  ■  4r  wi  (“  D;  D>  •  (63) 


and  for  Wa(u)  .  for  the  Bet  of  value  s  of  u  -  (0.  0,  0.  02 ,  1.  0).  In  Table  II. 

A  A 

we  show  the  computed  values  of  <G)  .  (G  >  ,  4  (D/r0)  >  ♦  (D/rc)  for  a  variety 

of  values  of  D/r0  .  The  fact  that  even  for  the  smallest  values  of  (D/ rQ)  . 
where  the  aperture  is  so  small  that  we  do  not  expect  any  wavefront  distortion 

A 

modulation  of  the  antenna  gain,  the  values  computed  for  t  and  4  are  not  exactly 
unity  suggests  that  minor  inaccuracies  in  our  constants,  because  they  are  in 
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the  exponent,  ere  responsible.  The  effect*  should  be  auppreeeed  in  inter* 
preting  our  reaulta.  and  to  this  objective,  we  have  titled  our  column* 

•  (D/ro)  +  .027  and  4  (D/r0)  +  .  0276  .  rather  than  juat  4(D/rD)  and  4  (D/r0). 

In  the  next  aection.  we  ahall  diacuaa  the  significance  of  these  reaulta 
and  their  implications, 

DISCUSSION  OF  RESULTS 

The  significance  of  the  results  are  quite  clear  from  a  consideration 
of  Table  II.  The  basic  conjecture  ia  borne  out  that  mo&ilation  noise  will  be 
much  lest  severe  in  a  tracking  than  in  a  static  optical  heterodyne  receiver. 

For  the  same  level  of  modulation  noise,  the  tracking  optical  heterodyne 
receiver,  compared  to  the  static  heterodyne  receiver,  appears  to  have  al¬ 
most  ten  times  the  average  antenna  gain.  To  see  this,  consider  the  follow¬ 
ing  sample  of  the  data.  (We  assume  a  *  is  very  small  and  can  be  neglected. ) 
Serious  channel  fading  may  be  expected  to  manifest  itself  when  the  antenna 
gain  variance  is  about  equal  to  0.1.  or  4-  1.1  .  For  the  static  system.  thiB 
would  appear  to  occur  at  D/r0  “  0.50,  while  for  the  tracking  system,  it 
occurs  at  D/r0  “  1.65.  The  corresponding  average  antenna  gainB  are  about 
0.18  and  1.79.  for  the  static  and  tracking  optical  heterodyne  receivers, 
respectively.  The  ratio  of  10  comes  close  to  equalling  the  original  prediction® 
of  an  improvement  of  about  (3.4)*  -  11.6  between  static  and  tracking  receivers. 

As  far  as  the  effect  of  log-amplitude  variance  is  concerned,  the  fact 
that  8'  is  smaller  for  larger  apertures  indicates  that  a  tracking  heterodyne 
receiver  will  be  better  than  the  static  receiver,  even  when  there  is  signi¬ 
ficant  intensity  variation  -  although  in  this  case,  the  performance  ratio 

It  should  be  noted  that  even  with  o  *  ■  6  ,  a  value  of  4“  1.  0276  corresponds 
to  an  rm s  variation  of  the  optical  heterodyne  receiver's  antenna  gain  of 
100(1,0276  -  l)t%  -  16.6%,  which  is  certainly  not  a  negligible  amount. 
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will  probably  not  be  so  large. 

Clearly,  the  extra  servo  bandwidth  required  to  make  an  optical 
heterodyne  receiver  with  any  tracking  capability  fast  enough  so  that  it  will 
perform  as  a  tracking  rather  than  an  apparently  static  unit  will  be  well 
worth  the  effort. 

It  is  interesting  to  note  that  the  reduced  antenna  gain  variance  of 
the  tracking  heterodyne  receiver  compared  to  the  static  receiver  could 
have  been  inferred  from  a  comparison  of  curves  A  and  C  a£  Fig.  1  in  refer¬ 
ence  9.  There  the  resolution  (which,  in  the  sense  of  antenna  gain,  can  be 
equated  with  heterodyne  receiver  performance)  for  long  and  for  short  ex¬ 
posure.  which  are  equivalent  to  static  and  tracking  receivers,  respectively, 
can  be  seen  in  comparison  with  the  straight  line,  free  space  value,  as  a 
function  of  D/r0  .  The  nearness  of  the  curve  to  the  free  space  value  im¬ 
plies  the  absence  of  atmospheric  effects.  In  that  figure,  the  same  fraction¬ 
al  deviation  is  seen  to  occur  for  the  short  exposure  (i.  e. ,  the  tracking 
receiver)  case  at  an  average  resolution  (i.e.,  antenna  gain)  about  ten  timeB 
the  value  for  the  long  exposure  (i.e.,  the  static  receiver)  case.  It  was,  in 
fact,  this  observation  that  motivated  the  performance  of  the  analysis  reported 
in  this  paper. 
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TABLE  II 
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4k 
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APPENDIX 


Computer  Program  for  the  Calculation  of 

Wj*(u)  .  W,(u).  <G>  ,  <G>.  #(D/r0).  and  I  <D/rc) 


100  DIMENSION  VI 1  (  0  t  50  7  *  W2<0t507 

no  WRITE  <1*07 

120  00  10  I  *  0*50 

125  XI  »  I 

130  U  «  X 1/50 

MO  CP  =  1  -U 

1  49  IF  <  <  l  -U»  2  7  »LT • 0  7  kl  C  17  =  0  J  G0  T0  100 
150  W1(I>  =  <AC0SCU7-U*SQRT< 1 -U» 27 ) 

160  100  JC  =  0 

170  SJ  «  0 

180  D0  20  J  =  0*20 

190  JC  *  JC+1 

200  IFCJC.EQ. 1 7  JF  =  2 

210  IFtJC.EQ. 2)  JF  =4  i  JC  =  0 

230  IF t J.EQ.07  JF  =  1 

240  IF  ( J  .  E6.  20  7  JF  =  1 

250  P  »  J*CP/20 

259  IFCC1-(P«-U7«27.LT.07  G0  T0  20 

260  CO  *  SQRT< I -CP+U)t2» 

270  KC  =  0 

280  SK  »  0 

290  00  30  K  =  0»  20 

300  KC  =  KC*1 

310  IFtKC.EQ. 1 7  KF  =  2 

320  IF (KC.EQ. 2)  KF  =  A  i  KC  *  0 

340  IFCK.EG.07  KF  =  1 

350  IFCK.EQ.207  KF  =  1 

360  Q  =  K4CQ/20 

370  RP2  =  CP+U7»2»Q’ 2 

380  RN2  *  <P-U7»2  +  Q»2 

390  RP  =  SQRTCRP27 

400  RN  =  SQRTCRN27 

408  IFC C 1-RP27.LT. 07  F  =  0  J  G0  T0  90 

409  IF( (1-RN27.LT.07  F  =  0  J  G0  T0  90 

410  F  =  C AC0S ( RP7 -RP*SQRT( 1 -RP27  7*(AC3SCRN7 -RN*SQRT C 1 -RN2 7  7 
420  90  SK  =  SK+KF *F 

430  30  CONTINUE 

440  SK  =  CQ*SK/60 

450  SJ  =  SJ  +JF9SK 

460  20  CONTINUE 

.470  W2CI7  *  CP*S J/60 

480  WR I  TEC l #  40  7  I  * U* k l C  I  7 » W2 ( I  7 

490  40  F0RMAT C I2*3X»F5. 2*  2C  3X*  F9.777 

500  10  CONTINUE 
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APPENDIX  (Continued) 


510  WRITE*  1*0) 

S20  REPEAT  50*  F0R  D  3  .  03.  .  05#  .  07,  .  |  ,  .  I  5*  .  2.  .  3* 

530  ♦( *4*  8i » • 2)i (2*  3»  5«  » •  3 ) 

540  DP  *  D»<5. 0/3.0) 

550  IC  ■  0 
560  SI  =»  0 
570  S2  3  0 
580  S3  ■  0 
590  S4  3  0 

600  D0  60  I  3  0*50  , 

605  XI  3  1 
610  U  =  XI/SO 

619  IFCI.EQ.O)  SI  3  0  I  S2  3  0  I  S3  =  0  t  S4  3  0  I  GO  Tfl  60 
630  UPS  ■  U» (5. 0/3.0) 

630  UP1  ■  U»<1. 0/3.0) 

640  FI  *  U*W2C I )*EXP<- 10.92*DP*Up5*t l*.26*U-l .26*UPI >) 

650  F2  3  U*W2< I )*EXPt- 10.924 DP*UP5*< 1+.26*U)) 

660  F3  3  U*WlU>*EXP<-3.444DP*UPS*n-UPl>> 

670  F 4  3  U4W1 CI)*EXP<-3.44*DP*UP5) 

680  IC  3  IC+1 

690  IF < IC*EQ« 1 )  XIF  3  2.0/1S0. 

700  IF < IC.EQ.2)  XIF  3  4-0/150.  1  1C  -  0 
720  IF(l.EO.O)  XIF  a  1.0/1S0. 

730  IFCI.E0.20J  XIF  3  1.0/150. 

740  SI  3  XIF*Fl +  S1 
750  S3  3  XIF*F2-*-S2 
760  S3  3  XIF*F3+S3 
770  S4  3  X IF*F 4* S4 
780  60  CONTINUE 

790  TG  3  16. *D»2*S3/3. 141592658 
795  XI G  3  16.*D»2*S4/3. 141S92658 
800  TMN  =  8.4SI/C3. 1 4 1 592658* S3* 2) 

805  XTMN  =  B.*S2/(3. 14l592658»S4t2) 

810  WR1TEC 1  *  70 )  D» XTG# TG* XTMN* TMN 
820  70  F0RMAT (F6.2»4CX»F10.5)) 

830  50  C0NTINUE 

840  STOP _ _  _ 
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Introduction 

Wo  aro  cnncornod  in  this  report  with  the;  pro sontatioii  of  a  fairly 
comprehensive  sot  of  results  in  tabular  form  for  the  expected  effects  of 
atmospheric  turbulence  on  ground-based  laser  communication  systems. 

We  deal  with  two  types  of  ground-based  units:  a  phot  on- bucket  typo  laser 
receiver,  and  a  laser  transmitter  attempting  to  operate  in  a  diffraction 
limited  mode. 

There  aro  two  types  of  effects  that  concern  us.  First  of  all. 
for  the  transmitter  there  is  a  limitation  on  the  average  antenna  gain  that 
the  atmosphere  will  allow.  For  all  cases  of  interest  to  us  here,  there  is 
a  dimension  rQ  which  may  be  associated  with  a  particular  propagation 
path  experiencing  a  particular  level  of  turbulence  and  with  a  particular 
wavelength  X  .  For  a  transmitter  diameter  D  much  less  than  r0  >  the 
average  antenna  gain  will  be  close  to  the  free  space  value  associated  with 
X/D  .  However,  for  a  value  of  D  much  larger  than  rQ  .  the  average 
antenna  gain  will  he  about  equal  to  the  free  space  value  associated  with 
X/rQ  i  rather  than  with  X/D  --  a  loss  associated  with  the  quantity  D/ r0  . 
This  loss  can  represent  a  severe  limitation. 

The  second  type  of  effect  with  which  we  are  concerned  relates 
to  the  fact  that  a  data  link  must  perform  on  a  continuous  basis.  Here,  if 
the  strength  of  the  received  signal  fluctuates,  our  error  rate,  being  a 
highly  nonlinear  function  of  the  signal-to- noise  ratio  (and  thus  of  the  s.gnal 
strength)  will  strongly  reflect  these  fades.  To  counter  the  effect  of  these 
fades,  it  is  necessary  to  transmit  a  higher  average  power,  so  that  even 
during  the  fades  the  signal-to-noise  ratio  will  be  sufficient  to  keep  the 
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error-rate  at  an  acceptable  level.  The  increase  in  power  required  to 
counteract  these  fluctuations  can  be  considered  a  loss  factor  .  This  means 
Signal  fluctuations  must  be  minimized,  compatible  with  other  system 
constraints,  of  course. 

We  expect  signal  fluctuations  for  both  the?  ground-based  photon- 
bucket  receiver  and  for  the  ground-based  laser  transmitter.  In  the  case 
of  the  photon-bucket  receiver,  the  fluctuations  are  due  to  the  same  phen¬ 
omenon  that  causes  stellar  scintillation.  In  the  case  of  this  phenomenon,  the 
larger  the  aperture,  the  less  the  observed  signal  variation,  percentage-wise. 
For  the  laser  transmitter,  there  is  a  bit  of  the  same  phenomenology  in 
effect,  and  just  as  in  the  case  of  the  photon-bucket  receiver,  the  larger 
the  aperture,  the  less  significant  this  effect  is.  However,  the  dominant 
cause  of  fluctuations  in  the  antenna  gain  of  a  ground-based  laser  transmitter 
is  due  to  wavefront  distortion  associated  with  refractive  inhomogeneities 
near  the  aperture  --  the  same  effect  that  limits  resolution  in  astronomical 
imagery.  The  magnitude  of  the  effect  is  controlled  by  rQ  ,  the  same  dimen¬ 
sion  that  controlled  average  laser  transmitter  antenna  gain.  It  can  be  shown 
that  for  an  aperture  diameter  D  much  less  than  rQ  ,  wavefron}:  distortion 
does  not  produce  any  significant  amount  of  antenna  gain  variation.  However, 
for  values  of  D  of  the  order  of  r0  or  larger,  the  amount  of  variation  can 
be  prohibitively  large. 

In  quantifying  the  effects  of  atn.osphe ric  turbulence  on  a  laser 
transmitter,  we  have  considered  two  basic  types  of  transmitters  winch 
we  denote  as  the  static  system  and  the  fast-tracking  system.  The  fast- 
tracking  system  is  able  to  follow  the  rapid  apparent  fluctuations, due  to 
atmospheric  turbulence,  of  a  beacon  on  the  satellite  receiver,  and  so  is 
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able  to  comptnsatc  for  linear  variations  (apparent  tilt)  in  the  wavefront. 

The  effect  on  performance  will  be  seen  to  be  significantly  better  with  the 
fast-tracking  system  than  with  the  static  system. 

FI  ue  t nation  Loss 

It  is  well  known  that  scintillation  observed  by  a  point  detector 
obeys  a  log-normal  distribution.1  The  spread  a  s  s  oc  ia  ted  wi  t  h  the  distri- 
bution  is  most  often  measured  by  the  log-amplitude  variance  o ^  .  The 

fact  that  the  distribution  is  log-normal  means  that  the  logarithm  of  the 
intensity  (and,  of  course,  of  one-half  the  logarithm  of  the  intensity,  which 
corresponds  to  the  logarithm  of  the  amplitude)  is  normally  distributed. 

Cj  is  the  variance  of  the  distribution  of  one-half  the  natural  logarithm  of 
the  intensity.  It  has  been  observed  that  the  fluctuations  of  the  flux  collected 
by  a  large  aperture,  for  which  there  is  averaging  over  the  independent  fluc¬ 
tuations  in  different  portions  of  the  aperture,  also  manifests  a  log-normal 
distribution.  A  theoretical  explanation  of  why  this  is  so  when  we  might 
ordinarily  have  expected  the  distribution  to  tend  toward  a  normal  rather 
than  a  log-normal  form  has  been  provided  by  Mitchell.3  In  fact,  a  gen¬ 
eralization  based  on  what  we  may  call  the  complex  phase-normal  rather 
than  merely  the  log- (amplitude )- normal,  allows  us  to  use  Mitchell's  work 
to  argue  that  for  a  heterodyne  receiver,  the  signal  strength  should  fluctuate 
in  accordance  with  a  log-normal  distribution.  We  have  shown  elsewhere7 
that  for  a  common  path  the  performance  of  an  antenna  operating  as  a  trans¬ 
mitter  is  identical  to  what  it  will  be  when  operating  as  a  heterodyne  receiver, 
taking  into  account  atmospheric  turbulence  of  the  propagation  path.  This 
equivalence  is  an  identity  between  random  variables,  so  that  the  fact  that 
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the  heterodyne  receiver's  performance  has  a  log-normal  distribution 
means  that  the  transmitter's  performance  will  be  log-normally  distributed. 

We  conclude  that  for  all  cases  of  interest  to  us  here,  the  signal 

fading  may  be  considered  to  have  a  log-normal  distribution.  In  Fig.  ],  we 

show  results  generated  by  H,  Haste  (Lockheed  Palo  Alto  Research  Lab) 

2 

for  the  relationship  between  the  log-amplitude  variance  and  fading  loss. 

2 

As  can  readily  be  seen  from  Fig.  1.  the  loss  varies  almost  linearly  with  0 ^ 

A  log-amplitude  variance  of  0.01  results  in  about  1  dB  of  loss.  As  a  rule  of 

2 

thumb,  we  can  take  =  0,01  as  the  value  at  which  fading  goes  from  an 

insignificant  to  a  significant  problem. 

Incoherent  Receiver  Signal  Fading 

For  a  laser  data  link  from  space  to  the  ground  with  reception  pro¬ 
vided  by  what  we  may  term  a  photon  bucket,  the  fluctuation  of  the  collected 
signal  is  a  function  of  two  features  of  the  problem.  The  first  of  these  is  the 
scintillation  we  would  observe  if  we  were  using  a  very  small  diameter 
collector.  The  second  feature  is  the  degree  of  aperture  averaging  provided 
by  the  size  of  the  actual  collector. 

Probably  the  best  available  data  for  the  magnitude  of  point  collector 
scintillation  is  that  published  by  Burke,  *  based  on  observation  of  stellar  scin¬ 
tillation  for  observation  of  a  star  near  the  zenith.  Measurement  wavelength 
for  Burke's  results  is  about  0.  55  iim,  with  the  observed  log-amplitude 
variance  being  about  (o£  )0  =  0.05  (nepers  )  .  Theory  tells  us  that  the 
magnitude  of  th  scintillation  for  our  case  should  depend  on  the  wavelength 
\  ,  and  zenith  angle.  9  ,  of  the  source  according  to  the  relationship 
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o/  -  seclV6  e  (O.S5/X)V8  (o/)b  •  (1) 

Burke's  results  correspond  to  night  time  measurements  in  one 
location.  To  allow  for  variations  in  conditions  from  location  tu  location,  we 
consider  it  expedient  to  consider  a  scintillation  range  from  0.01  to  0.1 
(although  we  suspect  that  0.07  is  probably  a  practical  upper  limit).  We 
have,  therefore,  based  our  calculations  in  Table  1  on  (o ^  h  covering  the 
range  from  0.01  to  0.1. 

In  setting  this  range  of  values  for  (0^  h  >  we  have  assumed  that 
there  is  no  difference  to  be  expected  between  day  time  and  night  time  con¬ 
ditions.  We  base  this  argument  on  the  fact  that  the  various  measured  and 
estimated  forms  for  the  vertical  distribution  of  the  strength  of  turbulence 
in  the  atmosphere  makes  it  apparent  that  stellar  scintillation  is  generated 
by  high  altitude  turbulence,  *  i.e.,  turbulence  above  2  km  to  4  km.  In  this 
regard,  Figs.  2  and  3  are  quite  indicative,  especially  when  we  consider 

B/6 

that  the  strength  of  turbulence  at  an  altitude  h  is  to  be  multiplied  by  h 
to  determine  the  contribution  to  log-amplitude  variance.  Fig.  2  represents 
the  only  data  we  have  for  comparison  of  day  time  and  night  time  conditions, 
and  in  this  respect  is  based  entirely  on  the  hot  wire  thermometer  airplane 
flight  measurements  of  Koprov  and  Tsvang.6  What  we  see  from  their  re¬ 
sults  is  that  in  the  altitude  region  where  stellar  scintillation  is  produced, 
there  is  apparently  no  important  change  between  day  time  and  night  time 
conditions . 

*  We  might  say  that  the  much  greater  amount  of  turbulence  near  the  ground 
simply  does  not  have  the  lever-arm  necessary  to  cause  intensity'  varia¬ 
tions,  although  it  can  certainly  produce  significant  amounts  of  wavefront 
distor  tion. 
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Our  treatment  of  aperture  averaging  is  based  on  reference  6. 
where  it  was  shown  that  for  a  large  aperture,  we  could  consider  signal 
variance  to  be  reduced  from  the  small  collector  value  by  a  factor  of  &  , 
where 

©  =  <po/D)a  .  (2) 

Here  p0  is  a  measure  of  the  correlation  distance  for  scintillation,  and 
is  given  by 

p0  =  0, 8  (h0  X  sec  0  ,  (3) 

where  ho  is  a  scale  height  characteristic  of  the  location  of  the  scintil¬ 
lation  generating  turbulence.  We  have  selected  the  two  sample  values  of 
hQ  =  5  km  and  h0  =  10  km  as  reasonably  representative  of  the  situation. 

To  accommodate  a  variety  of  aperture  diameters,  not  all  of  which 
are  larger  than  pQ  ,  we  have  generalized  Eq.  (2)  to  the  form 

©=  Cl  +  (D/p0)S]-1  ,  (4) 

which  form  insures  reasonable  results  for  all  values  of  D  . 

The  aperture  averaging  factor  ©  refers  directly  to  reduction  in 
signal  variance  and  not  to  log- amplitude  variance.  To  establish  this  con¬ 
nection,  we  use  the  fact  that  for  log-normally  distributed  scintillation,  the 

2  2 
signal  variance  o  s  is  related  to  the  log-amplitude  variance  a ^  by  the 

formula 

o8s  «  exp  (4CT£S  )  -  1  ,  (5) 
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so  that  the  aperture  averaged  log-amplitude  variance  can  be  written  as 

°L.  ap.avg.  *  {1  +  ®[exp  (4ox*)  -  1  ]  )  .  (6) 

For  our  calculations,  we  have  considered  values  of  zenith, 

0,55  nm  ,  stellar  scintillation  of 

(ax8) o  »  0.01,  0.02,  0.04,  0.07,  0.1,  (7a) 

values  of  wavelength  of 

X  =  0.53  u,m,  0.  633  |j.mm  1.  06  pm  ;  (7b) 

zenith  angles  of 

9  -  0°  ,  40°  ;  (7c) 

aperture  diameters  of 

D  =  0.15m,  0.255m,  0.3m,  0.6m;  (7d) 

and  the  two  scale  heights  of 

ho  =  5  km,  10  km  .  (7e) 

B 

The  results  of  the  calculations  of  Oc  __  for  these  sets  of  conditions 

^  i  «ip*  <xVg, 

are  shown  in  Table  1,  along  with  the  FORTRAN  program  for  their  calculation 
in  Table  2,  The  values  in  parentheses  refer  to  ho  *  10  kin,  while  the  ones 
alongside  but  out  of  the  parentheses  refer  to  h0  B  5  km  , 

The  results  are  fairly  self-explanatory.  We  only  point  out  that  for 
the  larger  apertures,  i.  e. ,  D  =  0.  3m  and  0.  6  m,  there  are  no  significant 
scintillation  effects,  while  for  the  smaller  apertures,  the  effects  are  signi¬ 
ficant  only  for  the  most  severe  conditions.  In  general,  we  may  say  that  the 
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spa  to- to- ground  link,  with  an  incoherent  photon- bucket  type  receiver  on 
the  ground,  would  be  influenced  only  very  slightly  by  atmospheric  turbulence. 

We  are  now  ready  to  turn  our  attention  to  the  effects  of  turbulence 
on  a  ground-based  transmitter.  In  the  next  section,  we  consider  the  per¬ 
tinent  phenomenology  and  the  applicable  theory.  In  the  subsequent  section, 
we  introduce  estimates  for  the  governing  parameters,  and  then  cast  the 
results  in  a  form  to  facilitate  a  tabulation. 

Laser  Transmitter  Effects 

GENERAL  FORMULATION  -  The  key  point  in  our  treatment  of  atmospheric 
turbulence  on  a  ground- to- spa  ce  laser  transmitter  is  recognition  of  the 
existence  of  a  perfect  reciprocity  between  the  performance  of  any  two  of 
the  following  three  types  of  devices:  1)  a  laser  transmitter;  2)  an  optical 
heterodyne  receiver,  and  3)  point  intensity  measurement  in  the  focal  plane 
of  an  image  forming  device.  This  reciprocity  exists  if  the  two  systems  share 
a  common  aperture,  work  at  the  same  wavelength,  and  are  responding  to  the 
same  distant  point.  The  perfect  nature  of  the  reciprocity  means  that  not 
only  are  the  signal  strengths  for  the  two  systems  going  to  fluctuate  in  synchro¬ 
nism  (  so  that  the  normalized  moments  of  the  statistical  fluctuation  are  equal), 
but  also  the  way  in  which  the  turbulence  affects  the  antenna  phenomenology  is 
so  completely  equivalent  between  the  systems  that  if  a  slight  angular  reorien¬ 
tation  of  one  system  will  improve  the  signal  strength  for  that  system,  *  then 
exactly  the  same  improvement  will  be  achieved  in  the  other  system  by  just 
this  amount  of  angular  reorientation'.  This  very  general  antenna  gain 

*  The  tilting  takes  advantage  of  the  fact  that  to  a  significant  extent  wavefront 
distortion  due  to  atmospheric  turbulence  may  be  considered  to  be  just  a 
random  wavefront  tilt,  so  that  tracking  the  tilt  can  result  in  suppression 
of  a  large  part  of  the  effect  of  turbulence  on  the  system's  performance. 
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reciprocity  result  is  demonstrated  in  reference  ?. 

We  shall  have  occasion  to  make  use  of  these  results  in  two  ways. 
First  of  all.  we  shall  utilize  reciprocity  in  our  treatment  here  of  the  ex¬ 
pected  performance  of  a  laser  transmitter  by  arguing  that  reciprocity  allows 
us  to  apply  the  results  of  previous  calculations  for  the  performance  of  an 
optical  heterodyne  receiver  to  the  performance  of  a  laser  transmitter.  More 
important,  however,  is  the  hardware  implication  that  we  can  utilize  an  imag¬ 
ing  system  tracking  a  beacon  originating  at  the  distant  (receiver)  point  to 
generate  an  optimum  atmospheric  turbulence  tilt  tracking  signal  so  that  the 
laser  transmitter  can  be  pointed,  in  a  sufficiently  agile  manner,  as  to  com¬ 
pensate  for  the  part  of  the  atmospheric  turbulence  effect  which  can  be  con¬ 
sidered  to  be  wavefront  tilt.  We  refer  to  a  system  utilizing  this  agile  point¬ 
ing  as  a  "fast-tracking  system"  in  distinction  to  an  ordinary  system,  which 
has  to  track  the  beacon  but  does  not  attempt  to  track  anything  except  the 
beacon's  mean  position,  which  we  refer  to  as  a  "static  system".  To 
emphasize  the  significance  of  the  distinction  between  the  fast-tracking  and 
the  static  systems,  we  shall  sometimes  refer  to  these  two  types  of  systems 
as  "tracking"  and  "static",  respectively.  The  reciprocity  relationship  will 
allow  us  to  utilize  the  theoretical  results  for  a  fast-tracking  optical  heter¬ 
odyne  receiver  to  predict  the  performance  to  be  expected  from  a  fast- 
tracking  laser  transmitter.  The  necessary  results  for  the  static  and  the 
fast-tracking  optical  heterodyne  receiver  are  presented  in  reference  8.  As 
we  shall  see  from  examination  of  the  tabular  results  developed  later  in  this 
report,  the  use  of  the  fast-tracking  rather  than  the  static  system  can  result 
in  about  a  10  dB  improvement  in  performance1.  For  this  reason,  we  shall 
explore  the  utilization  of  the  fast-tracking  concept  rather  fully  in  this  paper. 
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In  what  follows  in  this  section,  when  we  discuss  the  performance 
of  a  static  or  a  fast-tracking  optical  heterodyne  receiver,  it  should  be 
understood  that  our  attention  is  actually  directed  toward  the  performance 
of  the  laser  transmitter,  which  is  equivalent  according  to  recipx  ocity.7  We 
couch  our  discussion  in  terms  of  the  receiver  for  the  reasons  that  1)  the 
analysis  we  shall  quote  is  given  in  terms  of  the  optical  heterodyne  receiver, 
and  2)  it  is  easier  to  discuss  the  pertinent  aspects  of  atmospheric  turbulence 
effects  in  terms  of  a  receiver,  which  deals  with  an  incident,  already  dis¬ 
torted  wavefront,  rather  than  to  discuss  the  ''going  to  happen"  effects  of 
atmospheric  turbulence  on  a  perfect  wavefront  leaving  a  laser  transmitter. 

It  is  convenient  to  separate  the  effects  of  atmospheric  turbulence 
on  an  optical  heterodyne  receiver  into  the  two  subject  areas  of  1)  effects  on 
the  average  antenna  gain,  and  2)  effects  of  the  variance  of  the  antenna  gain. 
It  is  a  well  known  result  that  the  average  antenna  gain  of  a  static  optical 
heterodyne  receiver  is  limited  by  atmospheric  turbulence  to  some  finite 
upper  value  no  matter  how  large  the  antenna  diameter,8’9'10  (providing 
that  we  arc  not  considering  a  short  path  length/weak-  turbulence  product, 
horizontal  propagation  path  near  the  ground,  for  long  wavelength  propaga¬ 
tion,  in  which  case  there  may  be  no  upper  limit  to  the  achievable  antenna 
gain11  .)  As sociated  with  any  wavelength  X  and  propagation  path- turbulence 
distribution  there  is  a  length  r0  which  by  itself  fairly  completely  charac¬ 
terizes  the  atmospheric  effects  on  average  antenna  gain.  For  an  antenna 
diameter  D  ,  much  less  than  r0  ,  the  average  antenna  gain  of  a  static 
system  is  very  nearly  equal  to  what  it  would  be  in  free  space  for  that 
diameter.  But  for  a  diameter  much  larger  than  r0  ,  the  average  antenna 
gain  is  very  nearly  equal  to  the  free  space  value  for  an  antenna  of  diameter 
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r0  .  The  dependence  of  average  antenna  gain  (G  )  upon  diameter  D  , 
as  shown  by  the  curve  labeled  "Static  System"  in  Fig,  4,  manifests  a  well 
defined  Knee  at  a  diameter  equal  to  r0  .  * 

The  average  antenna  gain  for  the  fast-tracking  system  is  also 
shown  in  Fig.  4,  by  the  curve  labeled  "Fast-Tracking  System"  The  data 
for  both  of  these  curves  in  Fig.  4  are  taken  from  reference  8.  although 
equivalent  data  is  available  in  terms  of  imaging  system  performance  in 
reference  12  (which,  by  reciprocity7,  we  can  equate  with  optical  heterodyne 
performance).  There,  the  short  exposure  resolution  corresponds  to  fast- 
tracking.^  The  behavior  of  the  antenna  gain  for  the  fast-tracking  system 
calls  for  some  comment.  Although  it  is  not  apparent  in  Fig.  4,  for  very 
large  diameters,  i.  e. ,  D  >  >  rQ  ,  the  average  antenna  gain  approaches 
the  same  asymptotic  limit  as  does  the  static  system  --  namely,  the  free 
space  value  for  an  antenna  of  diameter  r0  .  This  is  because  for  a  large 
diameter,  the  distortion  of  the  wave  is  so  severe  that  even  after  tracking 
out  any  wavefront  tilt,  there  is  so  much  residual  distortion  that  this  re¬ 
maining  distortion  is  still  the  limiting  factor.  As  the  diameter  increases, 
the  residual  distortion  increases,  but  for  small  diameters,  i.e,,  D  £  3.4  rQ 
the  effect  of  the  increase  in  collection  area  exceeds  in  significance  the  effect 
of  the  increase  in  distortion.  For  D  >  3,  8  r,  ,  the.  situation  is  reversed: 
the  effect  of  the  increase  in  distortion  exceeds  in  significance  the  effect  of 

*  It  is  sometimes  the  practice  to  utilize  a  somewhat  different  quantity  de¬ 
noted  by  p0  in  place  of  r0  to  describe  atmospheric  effects  on  an  optical 
heterodiyne  receiver.  Since  r0  =»  2,1  pp  ,  so  that  there  does  not  appear  to 
be  any  fundamental  difference  which  value  is  used,  and  since  r0  so  nicely 
describes  the  operationally  pertinent  values,  we  shall  restrict  our  discus¬ 
sion  to  one  utilizing  r0  exclusively. 

+  It  should  be  noted  that  in  reference  12,  the  calculations  are  in  terms  of  the 
integrated  MTF  versus  D/r0  .  However,  as  O'Neill  points  out,  the  inte¬ 
grated  MTF  is  equivalent  to  the  Strehl  definition,  which  in  turn  is  directly 
proportional  to  the  intensity  in  the  focal  plane  at  the  center  of  the  image 
point. 
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the  increase  in  collection  area.  In  Table  3,  we  present  a  set  of  values 
of  average  antenna  gain  as  a  function  of  the  ratio  of  D/r0  for  a  static 
system  and  for  a  fast-tracking  system. 

Variations  in  the  antenna  gain  of  an  optical  heterodyne  receiver  are 
caused  by  atmospheric  turbulence  in  two  ways.  First,  there  is  a  variation 
caused  by  simple  variations  in  the  total  optical  power  collected  by  the 
aperture.  If  less  (more)  optical  energy  than  the  average  enters  the  aperture, 
then  all  other  things  being  equal,  the  magnitude  of  the  optical  heterodyne 
signal  will  be  less  (more)  than  average.  In  addition  to  this  sort  of  variation- 
producing  mechanism,  even  if  the  total  optical  energy  collected  is  constant, 
variations  in  the  wavefront  distortion  and  in  the  uniformity  of  the  energy 
density  will  result  in  optical  heterodyne  signal  strength  variations. 

The  first  of  these  two  mechanisms,  i.e.,  the  variation  in  the  total 
collected  optical  power,  is  unique  to  the  signal  strength  variation  problem, 
while  the  latter  is  closely  tied  to  the  same  phenomenology  that  produces  a 
limit  to  the  average  antenna  gain.  For  the  ground/space  link  with  the  opti¬ 
cal  heterodyne  receiver  on  the  ground,  the  variations  in  total  collected 
optical  eneigy  are  associated  with  the  atmospheric  turbulence  at  5  km  to 
20  km  where  the  stellar  scintillation  effects  are  produced  (as  discussed  in 
the  previous  section).  The  wavefront  distortions  are  produced  for  the  most 
part  by  low  level  turbulence,  i.e,,  turbulence  at  altitudes  below  a  few  hun¬ 
dred  meters,  since  wavefront  distortion  is  an  unweighted  integral  over  the 
strength  of  turbulence  in  the  path,  and  as  we  can  see  from  Figs.  2  or  3, 
the  dominant  contribution  to  this  integral  will  come  from  the  low  altitudes. 

Optical  heterodyne  signal  strength  variations,  to  the  extent  that 
they  depend  on  variations  in  the  total  optical  power  collected,  decrease 
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in  magnitude  as  the  aperture  diameter  is  increased.  The  effect  is 
essentially  the  same  aperture  averaging  phenomenon  discussed  in  the 
previous  section.  To  the  extent  that  the  variations  in  signal  strength 
depend  on  wavefront  distortion  and  intensity  non- uniformity  across  the 
aperture,  the  variations  increase  as  the  aperture  diameter  is  increased. 

For  a  static  system,  tins  latter  effect  is  minor  or  insignificant  for  diameters 
much  less  than  r0  .  but  become  s  very  large  for  diameters  much  larger  than 
rQ  .  rQ  is  the  critical  length  for  this  effect,  while  for  the  effect  due  to 
variations  in  the  total  optical  power  collected,  it  is  p0  that  is  the  critical 
parameter.  For  a  fast-tracking  system,  the  effects  are  basically  the  same 
as  for  a  static  system,  except  that  the  critical  length  for  the  wavefront  dis¬ 
tortion  effects  is  of  the  order  of  3,4  r0  .  instead  of  just  r0 

The  phenomenology  of  optical  heterodyne  si gnal  modulation  is  covered 
in  reference  8.  From  this,  we  can  write  that  the  signal  strength  variation 
has  the  form 

0S3  =  exp  (4  0'  of  )  i  (D/r0)  -  1  (8) 

where  osa  is  defined  by  the  expression 

»  ,  Us-<sj£l 
<s)“ 

and  S  is  the  instantaneous  randomly  fluctuating  optical  heterodyne  re- 
ceiver’s  output  signal  strength,  is  the  log-amplitude  variance  of  the 

incident  wave,  defined  by  Eq.  (1).  ©  is  a  modified  aperture  averaging 

factor  which  can  be  related  to  the  aperture  averaging  factor  ©  defined 
in  Eq.  (4),  by  use  of  an  equation  of  the  general  form  of  Eq.  (6).  We  have 
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exp  (4  ©*  c^8  )  -  1  -  ®  Cexp  (4  O i*  )  -  1  ]  (10) 

so  that 

6'  «  (4  a/)*1  Cn  {  ©[exp  (4  Oj*)  -  1  ]  +  1  )  .  (11) 

The  function  4  (D/ r0)  governs  the  wavefront  distortion  effects.  It  has  been 
calculated  for  both  the  static  system  and  the  fast-tracking  system  m  refer¬ 
ence  8.  The  results  are  given  in  Table  4,  and  in  Fig.  5.  As  can  be  readily 
seen.  t(D/r0)ar  1  for  D/ r0  <  <  1.  but  increases  rapidly  fur  li)/ r0  X.  0.  5 
for  a  static  system,  and  for  D/  r0  S,  1.5  for  a  fast-tracking  system. 

Gathering  together  all  of  the  pertinent  relationships,  we  have,  for 
propagation  of  a  wavelength  X  ,  coming  down  at  a  zenith  angle  6  ,  for  an 

aperture  D  ,  the  effective  log-amplitude  variance  associated  with  the  varia¬ 
tions  in  signal  strength  out  of  an  optical  heterodyne  receiver  is 

(°/  >sig  =  + 

=  ^  In  {l  +  exp  (4  ©  o £  )  4  (D/r0)  -  1  } 

=  \6n  (  exp  (4  ®'o /  )  4  (D/r0)  } 

=  ^  07i  {  {©  Cexp  (4  Ojj8)  -  1  3  +  1  }  4 (D/ r0  )  }  (12) 

where 

»  -  Cl  +  (D/ P0)S  3_1  (4) 

p0  =  0. 8  (h0  X  sec  9)^  (3) 

a/  =  sec1VS  9  (0.  55/X)7/s  (o/ )0  .  (1) 
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The  driving  consideration  is,  of  course,  the  value  of  r0 
Formally,  tins  is  given  by  the  expression 

r0  -  0.183  Xe/6  [jds  Cn*  ]'*6  .  (13) 

The  integration  is  to  be  taken  over  the  propagation  path.  Formally,  this 
expression  could  be  used  to  evaluate  rQ  using  the  data  in  Figs.  2  or  3. 
and  we  could  then  proceed  with  the  calculation  of  effects  of  atmospheric 
turbulence  on  the  performance  of  an  optical  heterodyne  receiver,  tnd  thus 
of  a  laser  transmitter.  However,  evaluation  of  r0  from  the  integral  in 
Eq.  (13)  is  likely  to  give  rather  unreliable  results  since  the  available  data 
on  the  vertical  distribution  of  the  strength  of  turbulence,  i.e.,  Cn  is  not 
very  precise.  Rather  we  shall,  in  the  next  sub- section,  show  available 
optical  measurements  can  be  used  to  develop  a  reliable  estimate  for  r0  , 
which  we  will  then  use  to  calculate  the  effects  of  atmospheric  turbulence 
on  laser-transmitter  performance. 

xo  -ESTIMATION  -  Rather  than  rely  on  the  available  data  for  the  vertical 
distribution  of  the  optical  strength  of  turbulence,  such  as  that  of  Figs.  2 
and  3,  about  which  there  is  some  significant  uncertainty,  it  is  profitable 
to  seek  an  estimate  of  r0  directly  from  optical  measurements.  This 
spares  us  the  difficulty  of  becoming  involved  in  an  attempt  to  develop  a 
full  profile  for  Cn  .  when  all  we  want  is  a  single  number,  i.e.,  the  value 
of  r0  .  Moreover,  we  shall  find  that  the  ilable  data  on  r0  is  much 
richer  in  frequency  of  occurrence  information  than  v/hat  information  we 
could  presently  hope  to  obtain  from  a  study  of  the  vertical  distribution  of 
turbulence.  This  is  not  to  say  that  we  shall  not  make  any  use  of  information 
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regarding  the  vortical  distribution  of  the  optical  strength  of  turbulence. 

Wo  shall  use  such  data  for  scaling  results  for  r0  from  one  set  of  meas¬ 
urement  conditions  to  another  —  in  particular,  from  night  time  to  day  time 
conditions . 

It  is  pointed  out  in  reference  7  that  a  perfect  equivalence  exists 
between  the  effects  of  atmospheric  turbulence  on  a  laser  transmitter,  an 
optical  heterodyne  receiver,  and  an  imaging  system.  The  quantity  rQ  and 
the  ratio  D/r0  is  equally  applicable  to  all  three  types  of  systems.  In  fact, 
if  we  simply  relabel  the  vertical  axis  in  Fig.  4,  we  can  consider  two  curves 
in  that  figure  to  refer  to  the  integrated  MTF  for  a  long  exposure  (equivalent 
to  a  static  system)  and  for  a  short  exposure  (equivalent  to  a  fast-tracking 
system).  The  implication  of  this  general  relationship  is  that  we  can  use 
data  taken  in  observing  stars  with  an  astronomical  telescope  to  deduce  what 
r0  is  for  a  vertical  path  through  the  atmosphere.  Measurement  of  the.  spread 
of  a  stellar  image  is  directly  relatable  to  r0  .  Based  on  the  fact  that  the 
atmospheric  turbulence  modulation  transfer  function  is  nearly  gaussian 
[it  is  actually  of  the  fc  u.  of  exp  (-af5"3  )  instead  of  exp  (-a  f6/3  ),  which  we 

• 

would  expect  if  it  were  exactly  gaussian],  we  may  expect  the  image  spread 
to  also  be  nearly  gaussian.  This  means  that  the  standard  deviation  of  the 
image  spread  corresponds  to  one-half  the  angular  subtense  of  a  slit  suffi¬ 
ciently  wide  to  pass  exactly  68%  of  the  total  energy  in  the  stellar  image.  * 
Making  allowance  for  the  fact  that  the  image  is  not  exactly  gaussian.  it  can 
be  sh  '  ' n  that  if  w  is  one-half  the  slit  width,  measured  in  radians,  then 
*  The  6B°/1  corresponds  to  the  fact  that 
+0  .1 

J  dx  (2tr  c  2  )  exp  (-%  xB  /a a  )  ?=  0.68 

-0 


M  - 1 « 


the  corresponding  value  of  r0  is 


LMSC-B2902UO-II1 


ro  .  meas  ^ 


2,64  x  10"7  w 


(H) 


Exactly  the  sort  of  data  required  has  been  obtained  separately 
by  Hoag14  and  by  Meinel16  .  These  workers  made  repeated  measurements 
over  a  large  number  of  nights  of  the  slit  width  required  at  various  times  to 
pass  68%  of  the  stellar  image  energy.  Their  results  have  been  assembled 
in  cumulative  probability  distribution  form,  with  the  results  as  shown  in 
Figs.  6  and  7.  The  straight  line  nature  of  the  cumulative  distributions 
makes  it  clear  that  the  distribution  of  "seeing"  conditions  is  log-normal. 
These  sets  of  measurement  data  may  be  associated  with  a  wavelength 
X  =  0.  55  u  and  a  zenith  angle  9*0  deg.  It  follows  from  Eq6.  (1  3)  and 
(14)  that  the  corresponding  value  for  a  different  wavelength,  zenith  angle, 
and  set  of  measurement  conditions  is  given  by 


ro 


*  r 


o.  meas 


[A  (X/0.  55)s/6  cos*6  0  ] 


2.64  X  10*7  w-1  [A  (X/0.  55 f/G  cos^6  0] 


(15) 


Here  A  is  a  coefficient  which  allows  us  to  scale  for  different  measurement 
conditions. 


In  order  to  estimate  A  ,  we  first  of  all  take  note  of  the  fact  that 
in  accordance  with  the  general  nature  of  the  data  in  Figs.  2  and  3,  the 
dominant  contribution  to  J  ds  CnS  comes  from  the  first  few  hundred  meters 
above  the  ground.  This  means  that  the  altitude  of  the  ground  stationi  say 
between  sea  level  and  one-mile  high,  should  make  little  difference  as  far 
as  rQ  is  concerned.  It  is  th  height  above  the  ground,  not  absolute  alti¬ 
tude  that  matters.  The  second  point  of  significance  to  note  from  Fig.  2  is 


M  -17 


LM  SC  -  l?i!i)()200  III 


the  indicated  difference  between  the  day  time  and  the  night  time  values 

3 

of  Cn  .  This  difference  reflects  the  difference  in  high  speed  thermom- 

5 

eter  measurements  obtained  by  Koprov  and  l'svang  and  in  near  ground 
laser  sc intilla tion  measurements  from  day  time  to  night  time.  Wliile  we 
are  somewhat  reluctant  to  place  too  much  confidence  in  the  absolute  value 
of  in  this  figure,  we  may  treat  the  relative  magnitudes  with  much 

more  confidence.  Consideration  of  the  effect  of  the  difference  uf  the  day 

r  r  g  ■-»  _ 

or  night  curves  in  Fig.  2  leads  to  a  ratio  in  LJ  d  -s  Cn  J  f  rom  night  to 

day  of  1.56.  so  that  we  estimate  that 

A  =  (1.56)-1  =  0.64  (16) 

Now  we  note  from  Figs.  6  and  7  that  for  the  50%  probable  fre¬ 
quency,  the  slit  width  required  to  pass  68%  of  the  energy  is  about  1.4  arc 
seconds.  This  leads  to  a  value  of  w  of  3.4  X  10~6  rad.  50%  of  the  time, 
the  standard  deviation  of  the  stellar  image  is  3.4  grad  or  less.  The  90% 
probable  slit  width  is  about  2.1  arc  seconds.  The  corresponding  value  of 
w  is  5.  0  X  10~s  rad.  90%  of  the  time,  the  standard  deviation  of  the  stellar 
image  is  5.0  M-rad  or  less.  These  values  are,  of  course,  for  night  time 
conditions.  Wo  use  the  factor  A  -  0.64  to  obtain  corresponding  day  time 
values.  From  this  information  and  utilizing  Eqs.  (14)  and  ('  5),  we  can 
write  that  for  any  wavelength  and  zenith  angle, 

ro  =  (r0h,  j  (X/0.  55f/6  cos3'6  0  (17) 

where  (r0)j,  j  takes  the  four  values 

(r0)day,  50%  =  °-049  m  , 

^o^day,  90%  =  0,033m, 
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knight,  50%  "  °-  076  m  * 

<ro>mght,  907o  "  °-052  m  •  (18> 

With  the  above  data  and  formulations,  we  are  now  ready  to  proceed  with 
calculations  of  the  effects  of  atmospheric  turbulence  on  a  laser  transmitter. 

We  wish  to  consider  a  wide  variety  of  conditions,  and  therefore 
Table  5,  which  presents  the  results  of  our  calculations,  is  fairly  extensive. 
Each  page  in  Table  5  can  be  separated  into  two  parts.  The  upper  part  of 
the  page  represents  the  effective  log-amplitude  variance  we  expect  for  each 
parameter  set  of  interest.  Calculations  are  in  accordance  with  Eq.  (12) 
and  subsidiary  Eqs.  (1),  (3),  (4),  (17),  and  (  8),  and  the  data  in  Table  4. 

In  the  lower  part  of  each  page,  we  show  the  results  of  combining  the  effec¬ 
tive  log-amplitude  variance  results,  via  the  signal  variation  loss  factor 
information  given  in  Fig.  1,  with  the  average  antenna  gain  information  in 
Table  3,  to  allow  us  to  calculate  an  effective  antenna  gain.  This  effective 
antenna  gain  incorporates  both  the  fluctuation  loss  factor  and  average  gain. 
All  effective  antenna  gain  factors  are  given  in  dB  relative  to  the  free  space 
value  for  the  value  of  rc  given  at  the  top  of  the  page. 

For  all  of  the  calculations  in  Table  5,  we  have  allowed  for  two 
scale  heights,  h0  =  5  km  and  h0  =  10  km  .  The  results  corresponding 

tc  the  latter  scale  height  are  shown  in  parentheses  immediately  below  the 
values  for  the  former  scale  height.  The  six  columns  of  data  correspond  to 
conditions  of  high  altitude  turbulence  producing  stellar  scintillation  at 
0.  55  p  from  the  zenith  of  o ^  =  0.  00,  0,  01,  0. 02,  0.  04,  0. 07,  0. 10,  which 
we  have  scaled  to  the  conditions  of  interest  by  making  use  c£  Eq.  (1), 
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The  column  to  the  left  of  the  basic  data  gives  the  value  of  D/  r0 
for  which  the  results  of  that  row  were  computed.  It  should  be  noted  that 
for  the  static  and  the  fast-tracking  systems,  we  show  results  covering 
basically  different  ranges  of  D/  rQ  .  The  appropriateness  of  these  ranges 
is  demonstrated  by  the  fact  that  in  Table  5  we  see  that  the  ranges  for  each 
typo  of  system  span  the  D/r0  value  that  peaks  the  performance.  Results 
have  been  calculated  not  only  for  the  two  types  of  systems,  i.e,,  static 
and  fast-tracking,  but  also  for  the  four  conditions  listed  in  Eq.  (18),  i.e., 

(day,  50%),  (day,  90%).  (night,  50%),  and  (nigh  t,  90%)*  the  three  wavelengths 
X.  *  0.  53,  0.633,  and  1.  06,  and  the  two  zenith  angles  of  6=0°  and  40°  .  In 
Table  6,  we  give  the  FORTRAN  Program  used  to  prepare  Table  5. 

Any  numb  er  of  detailed  conclusions  can  be  obtained  from  careful 
examination  of  Table  5.  We  wish  to  call  attention  here  to  the  fact  that  the 
peak  performance  of  the  fast-tracking  laser  transmitter  system  is  about 
10  dB  better  than  that  of  the  static  system.  This  peak  performance  is  ob¬ 
tained  with  a  diameter  equal  to  about  1.  8  rQ  .  The  performance  achieved 
is  about  equal  to  the  free  space  performance  of  an  antenna  of  diameter  r0  , 

(F  or  cases  of  strong  stellar  scintillation,  the  peak  performance  may  occur 
at  a  slightly  larger  diameter,  and  the  performance  may  be  somewhat  poorer.  ) 


Additional  Comments  and  Considerations 


In  this  section,  we  wish  to  consider  several  special  points  concern¬ 
ing  the  laser  transmitter.  In  the  order  in  which  we  shall  take  them  up,  they 
concern  1)  the  point-ahead  and  wavelength  dependence  problem  for  beacon 
tracking  in  a  fast-tracking  laser  transmitter;  2)  the  tracking  servo  band¬ 
width  required  for  the  fast-tracking  laser  system;  3)  some  comments  con¬ 
cerning  burst  communications  to  get  around  laser  transmitter  fading; 
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4)  the  effect  of  us ing  multiple  transmitters. 

POINT- AHEAD  AND  WAVELENGTH  -  Fundamental  to  the  concept  of  the 
fast-tracking  system  is  the  assumption  that  the  received  beacon  signal  can 
be  used  to  provide  the  necessary  tracking  signals  for  the  laser  transmitter. 

This,  in  turn,  assumes  that  the  beacon  is  at  the  same  wavelength  as  the 
laser  transmitter,  and  traverses  the  same  path  as  the  beam  from  the  laser 
transmitter.  In  fact,  neither  of  these  assumptions  is  actually  fulfilled,  the 
first  because  the  beacon  and  the  laser  transmitter  are  not,  as  a  practical 
matter,  at  the  same  wavelength.  The  second  assumption  is  violated  because 
of  the  point-ahead  requirement  associated  with  the  satellite's  velocity  in 
inertial- space.  (Note:  A  stationary  satellite  is  moving  rapidly  in  inertial 
space.  )  We  shall  show  that  these  discrepancies  are  not  significant. 

For  a  stationary  satellite,  the  inertial  velocity  is  about  3  X  10a  m/sec 
so  that  the  point-ahead  angle  is  2v/c  =  2  X  10-6  rad.  Most  of  the  wavefront 
distortion  that  the  fast-tracking  system  is  trying  to  track  out  is  generated 
in  the  first  100  m  above  the  ground.  In  this  region  the  20  grad  point- 

ahead  only  results  in  a  maximum  displacement  between  the  collected  part 
of  the  incoming  beacon  and  the  outgoing  laser  transmitter  beam  of  0.2  sec  0  cm. 

This  is  so  much  less  than  rD  ,  which  is  really  the  distance  over 
which  the  turbulence  effects  are  well  correlated,  that  we  can  be  sure 
that  correlation  between  the  wavefront  distortion  in  signal  we  get  from  the 
beacon  and  the  wavefront  distortion  that  the  outgoing  signal  will  experience 
is  very  good.  Point-ahead  should  produce  no  significant  degradation  in  the 
fast-tracking  laser  transmitter's  performance. 
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In  reference  16,  it  is  shown  that  there  is  a  very  high  degree  of 
correlation  of  wavefront  distortion  for  different  wavelengths.  In  fact,  for 
a  factor  of  two  difference  in  wavelength,  there  is  nearly  an  80%  correlation 
between  wavefront  distortion  at  the  two  wavelengths.  Hence  we  do  not  ex¬ 
pect  the  difference  between  the  beacon  and  transmitter  wavelengths  to 
significantly  affect  the  fast-tracking  system's  performance, 

TRACKING  SERVO  BANDWIDTH  -  The  required  fast-tracking  system  servo 
bandwidth  may  be  estimated  by  considering  that  it  is  wind  velocity  that  trans¬ 
ports  the  wavefront  distortion  pattern  across  the  antenna  arierture,  i.  e.  ,  the 
distortion  changes  mostly  by  shifting  rather  than  by  actual  reformation  of 
the  turbulence  itself.  When  the  pattern  has  moved  a  distance  of  the  order 
of  about  r0  ,  the  change  in  wavefront  tilt  starts  to  become  significant.  In 
this  time,  the  servo  must  have  been  able  to  sense  and  track  out  this  change 
in  tilt.  Since  most  of  the  wavefront  distortion  is  generated  by  turbulence  in 
the  first  100  m  above  the  ground,  we  are  concerned  with  wind  speeds  near 
the  ground.  A  30  mph  wind,  which  is  a  substantial  one  near  the  ground,  is 
equivalent  to  about  13.  5  m/sec.  For  r0  =  0,05  m  ,  which  together  with  the 
30  mph  wind  represents  a  fairly  extreme  situation,  the  time  for  the  servo 
to  respond  should  be  higher  than  (270)"1  sec.  This  corresponds  to  a  fre¬ 
quency  of  270/2tt  =  43  Hz.  To  be  conservative,  we  would  seek  a  servo  band¬ 
width  of  100  to  200  Hz,  to  insure  that  under  all  circumstances  we  will  have 
a  more  than  adequate  servo  bandwidth  to  make  the  fast-tracking  laser  trans¬ 
mitter  system  work  as  planned. 

BURST  COMMUNICATIONS  -  The  concept  of  burst  communication  is  that 
if  we  have  an  adequate  data  storage  buffer  for  a  fluctuating  channel,  we  can 
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restrict  data  transmission  to  periods  of  extra  good  signal  strength. 

Reciprocity  of  transmitter  and  receiver  antenna  gain  assure  us  that  we 
can  use  the  strength  of  the  received  beacon  signal  to  tell  when  to  transmit 
data.  We  ask  how  long  we  may  have  to  wait  for  a  good  transmission  period. 
Actually,  we  shall  simply  concern  ourselves  here  with  the  period  for  the 
fading  to  change  and  then  ass'une  that  one  out  of  every  ten  sample  conditions 
is  suitable  for  transmission  (although  this  1:10  factor  actually  should  be 
studied  in  some  detail).  For  a  low  wind  speed  of  1  m/sec  and  a  large  r0  *  0.2  m, 
which  combination  represents  a  fairly  pessimistic  situation  for  the  burst 
communications  concept,  the  duration  of  a  fade  condition  should  be  about 
0.2  sec.  This  means  that  at  least  once  every  two  seconds  a  suitable  trans¬ 
mission  interval  will  occur.  To  accommodate  a  50k  bit  data  rate,  we  would 
need  at  least  100k  bits  of  buffer  storage,  times,  of  course,  some  safety 
factor. 


i 
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MULTIPLE  TRANSMITTERS  -  One  approach  to  the  problem  of  achieving 
better  transmitter  performance  with  a  ground-based  laser  transmitter  is 
to  use  multiple  lasers  and  multiple  transmitter  apertures.  Obviously,  to 
avoid  unacceptable  far-field  interference,  the  lasers  must  be  sufficiently 
far  apart  in  wavelength  that  their  beat  frequencies  are  outside  the  data 
modulation  frequency  range.  There  are  a  number  of  advantages  in  the  use 
of  multiple  transmitters.  First  of  all,  we  note  that  more  power  is  trans¬ 
mitted.  If  two  transmitters  are  used,  there  is  an  increase  by  two  in  total 
power  and  so  a  3  dB  link  improvement.  (For  ten  transmitters,  there  is  a 
10  dB  imprcvement.  )  Moreover,  the  use  of  multiple  transmitters  suppresses 
fading  and  alleviates  the  fading  loss.  This  is  a  second  more  important 
advantage.  As  a  rule  of  thumb,  to  estimate  the  fading  loss  improvement, 
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use  tin-  data  in  Table  5  to  obtain  tbe  effective  log-amplitude  variance  for 
a  single  transmitter,  convert  this  to  a  loss  factor  by  multiplying  by  100 
(in  approximate  agreement  with  Fig.  1),  and  then  figure  that  the  use  of  n 
transmitters  eliminates  (1  -  n-A  )  of  this  loss.  For  example,  the  use  of  4 
transmitters  when  the  transmitter's  log-amplitude  variance  is  0.05  should 
get  back  about  4  dB  of  the  fading  loss,  as  well  as,  of  course,  providing  i>  dB 
more  power.  The  exact  details  of  an  optimum  utilization  of  multiple  trans¬ 
mitters  should,  in  general,  take  account  of  the  fact  that  suppressing  fading 
will  result  in  the  individual  transmitter  diameter's  being  larger  for  optimum 
performance  than  they  would  be  for  a  single  transmitter. 
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TABLE  1 

Aperture  Averaged  Log- Amplitude  Variance 
For  A  Photon- Bucket  Type  Receiver 


(Results  are  presented  for  collection  aperture 
diameters  of  0.15  m.  0.255  m.  0. 3  m.  and  0.6  m 
and  for  zenith  angles  uf  0°  and  40°.  Calculations 
are  for  laser  wavelengths  of  \  =  0.  53  p  ,  0,  633  p  , 
and  1.  06  p  .  and  for  turbulence  conditions  that 
would  produce  zenith  angle  stellar  scintillation  at 
0.  55  p  of  (c/)o=0.  01.  0.02,  0.04,  0.07,  and  0.10. 
The  quantities  in  parentheses  are  calculated  for 
a  turbulence  scale  height  ho  =  10  km.  Those  with¬ 
out  parentheses  are  for  ho  =  5  km.  ) 
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Listing  ot  FORTRAN  Program 
Used  to  Prepare  Table  1 


LIST 

100  U  I  MEN  5  ION  HC2),  lien,  THC21,  STHC21,  DC  41,  SLCSl, 

110  +  SLA  CL  3,  2,  *j  ) 

100  H <  11  =  5. F3S H< 2 1 =  1  . E4 

130  l.L  C  1  1  =  .  b3 JLL<21=  .  633JLLC31=  1 . 06 

140  THC 1 1=0. Oj TH<?) =40.0 

ISO  ST1IC 1 ) = 1 . n; STHC 21  = 1 . 556 

160  DC  l 1=0. 15JD(°l=0.255;DC31=0.30lDC41=0.60 

170  SI.  <  I  )  =  .  Oil  SI.  <21  =  .  02J  SL  C31  =  .  04;  SL<  4)  =  .  07  J  SL<51  =  .  1  0 

1  RO  DO  10  1=1,2 
190  DO  20  J  =  1 , 3 
200  DO  30  K=l,2 

210  R=.F*  SORT  <  H  <  I  1  *  l.L  (  J  1  *  C  1  ♦  E  -  6  1  *  STHCK11 
290  DO  40  L=l,4 

2  30  AF  =  1  •  /  C  1  .  +  CDCL1/R1+21 

240  DO  SO  11=1.5 

245  5F  =  C  STUCK  1 1 »  < 1  1 . 0/6. Ol  +  C .  5  5/  l.'L  <  J  >  1  »  C7 .0/6. 01 

2  50  SLA  Cl  ,  .I,K,L,M1  =  .  2 5  :=  AL3  G  C  AF*  C  E XP  <  4.  *SF*SL(M!  1  -1.1  +  11 
260  SO  CJNTINIIE 

27  0  40  CONTINUE 
220  30  CONTINUE. 

290  20  C.jNT  INUE 
300  10  CONTINUE 

310  UJ  60  L  = 1 i 4 

320  V.PITFC  1,701  mmti,  "DIAMETER  =  ",  DCLl,  "CMETEiO" 

330  70  FORMAT  CF  6.31 
340  DO  RO  l<  =  1 , 2 

350  i.RITE  <1,901  +  +  ,  "ZENITH  ANGLE  =  ",  THCK),  "  CDEGl",  +  »  + 

360  90  FORMAT  CF4.0) 

370  DO  1  DO  M  =1,5 

3RD  '.MITE  <1,1101  SLCH1,  SLA  C  1  ,  1  ,  K,  L,  M  1  ,  SL  A  C  2,  1  ,  K  ,  L  ,  M  1  , 

3  90  +  SLA  (  1 , 2,K,L,  Ml,  SLA  <2,  2  ,  K  ,  L  ,  M  1  ,  SLA(  1 , 3,  K,  L,  M  1 ,  SL  A  C  2,  3,  K,  L  ,  M  1 

40  0  110  F3  ;<M AT  C  6X,  F  4 . 2 ,  3X,  3  <  4X,  F5 . 3,  1  X,  "  <  ",  FS  .  3 ,  "  >  "  1  1 

410  100  CONTINUE 

420  RO  CONTINUE 
430  60  CONTINUE. 

440  5 TUP 
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3.  5 
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4.  4 
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Ay c ra ge  Ant  enna  Griin 

(Static  System)  (Fast- Tracking  System) 
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0.0760 
0.125 
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2.01 
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2.  66 
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3.  32 
3.  40 
3.42 
3.  39 
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3.24 
3. 14 
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TAliLt;  4 


Antaina  Gain  Variance  Factor.  t  {W  T0) 


(The  significance 
gain  varianct'  is 
text.  ) 


of  i  in  computing  antenna 
presented  in  Ftp  (12  )  in  Oie 


1 V  r0 

(Static  System) 


0. 1 
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i  (D/rc) 


(Fast-Tracking  System) 

1.  0005 
1.  0012 
1.  0021 
1.  0053 
1. 0071 
1. 0146 
1.  0224 
1.  0368 
1.0522 
1. 0710 
1.  0936 
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1.  681 
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2.13 
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TABU-:  5 


Atmusphv  ru  I  I'rlmU'iu: e  hiffects  On  A  l*ist*r  Tr.insmiUi-r 

(Results  am  sluwn  in  terms  of  the  effective  signal  log- 
umphnule  variance  in  the  upper  half  of  each  data  set,  and 
m  terms  of  antenna  gain  relative  to  the  free  span'  antenna 
gam  for  an  antenna  of  diameter  r0  .  The  gain  includes 
both  the  average  gain  associated  with  the  diameter  and  the 
effective  gain  loss,  per  Fig.  1,  due  to  signal  strength  vari- 
ations .  Results  in  each  sub-section  are  arranged  with 
columns  corresponding  to  stellar  scintillation  levels  of 
c t  =  0.  00,  0.01,  0,02,  0.04,  0.07,  and  0,10.  The  rows, 
labeled  at  the  left,  correspond  to  different  values  of  D/rc  -- 
0,10,  0.20,  0.30.  0,40,  0.60,  0.80,  1.00,  1.20  for  the 
static  systems,  and  0.  30,  0,60,  1,00,  1.40,  1.80,  2,30,  2.90, 
3,50  for  the  tracking  systems.  Results  in  parentheses  are 
computed  for  a  scale  height  of  ho  =  10  km  ,  and  appear  just 
below  the  corresponding  values  for  ho  =  5  km.  The  pertinent 
parameters  for  each  data  set  appear  in  the  upper  left  hand 
portion  of  the  page.  ) 
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0 .60 

-0.7 
(  -9.7) 

-11.3 

(-11.4) 

-12.6 

(-13.0) 

-15.6 

(-15.9) 

-19.2 
( -19.7) 

-2  2.6 

(-23.1) 

C  .  80 

-10.6 

(-10.6) 

-11.9 

(-12.0) 

-13.1 

(-13.4) 

-1  5.4 
(-15.9) 

-1  8.6 
(-19.3) 

-2  1.8 
(-22.6 ) 

1  .00 

-12.2 

(-12.2) 

-13.2 
( -  13.4  ) 

-14.1 

(-14.5) 

-16.1 

(-16.7) 

-18.9 
( -19.8) 

-21.8 

(-22.9) 

1.20 

-13.81 
(-13.  <3) 

-14.7 
(-  14.9 ) 

-  IS. 5 
(-15.9) 

-17.1 
(-  1  7.  P) 

-19.6 

(-20.7) 

-2  2.2 

(-23.6) 
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I.MSr  -HL'HUL'lMl-  HI 


I  NAIF  1  NO  SYSH  M 

HAY  /  ‘>0  -  Pt  HCt  NT  lit 

WAVt  It  NOT  H-  0.630  (  m  |  CHON  S  I 

n  Mt M  angi  r=  o.  (ore.) 

R  -  /  F  I?  C=  0  •  0  A  7  (MPT  fR  ) 


0 . 30 

0 .00  1 

(O.Col) 

0.010 

(0.011) 

0.0  20 
( 0.021 ) 

0.  039 

( O.CAl ) 

0.067 
(0.071 ) 

0.096 

(0.101) 

0 . 60 

O.U04 
t  0.00 A) 

0.011 

(0.012) 

0.018 
(  0. C2  1  ) 

0.033 

(0.038) 

0.056 

(0.065) 

0.  079 
(0.091) 

1  .00 

0.009 
(0.009 ) 

O.OlA 
(  0.015  ) 

0.018 
(  0.C22) 

0. 02H 
(0. 038) 

0.  OAA 
(0.056) 

0.060 

(0.077 ) 

1 .  AO 

0.017 
(  u  .  0  1  7  ) 

0.020 

(0.022) 

0  .023 
(  0.027  ) 

0.  030 
(  0.036) 

0. 04  0 
(0.052) 

0.051 
(0.069  ) 

1.80 

0.0  ?9 
(0 .029) 

0.031 

(0.032) 

0.  C33 
( 0.035) 

0.037 
(  C. GA3) 

O.OAA 
(0.055  ) 

0.052 

(0.067) 

2. 30 

0 . 0  A  8 
tO. GAP) 

0.050 
(0.051 » 

0.051 

(0.053) 

0.  05 A 
( 0.059) 

0.059 

(0.067) 

0.06A 
(0.076  ) 

2  .90 

0.081 
(0.081 1 

0.0  62 
(0.083) 

0.C83 
( 0.08A) 

0.085 
( G.08B) 

0.088 

(0.09A) 

0.092 
(0. 100) 

3.50 

0.130 
(C. 130) 

0.130 

(0.131) 

0.131 

(0.132) 

0.133 

(0.135) 

0.135 
( 0.139) 

0.137 
(0.1 44 ) 

0.3C 

(  - 

10.8 

10.8) 

-11.8 

(-11.9) 

-12.6 

(-12.9) 

-14.5 

(-14.7) 

(- 

16.7 

17.0) 

-18.8 

(-19.0) 

0.60 

( 

-5.2 

-5.2) 

-6.1 
(  -6.2) 

-6.e 

(  -7.1) 

-8.3 
(  -8.7) 

(  - 

10.1 

10.7) 

-11.8 

(-12.6) 

1  .00 

( 

-1.9 

-1.9) 

-2.3 
(  -2.5) 

-2.8 
(  -3.2) 

-3.8 
(  -4.4) 

( 

-5.1 

-6.1) 

-6.4 
(  -7.6) 

1  .AO 

( 

-0.3 

-0.3) 

-0.6 
(  -0.8) 

-0.5 
(  -1.3) 

-1.6 
(  -2.2) 

( 

-2.4 

-3.4) 

-3.3 
(  -4.6) 

1.80 

( 

0.1 

0 . 1  ) 

-0.1 

(  -0.2) 

-0.3 
(  -C.5) 

-0.7 
(  -1.1) 

( 

-1.3 

-2.0) 

-1.9 

1  -3.0) 

2.30 

( 

-0.4 

-o.  a  ; 

-0.5 
(  -0.5) 

-C.6 
(  -C.7) 

-o.  e 

(  -i.i) 

< 

-1.2 

-1.7) 

-1  .6 
(  -2.4) 

2.90 

( 

-2.0 
-2.0  ) 

-2.0 
(  -2.1) 

-2.1 
(  -2.2) 

-2.2 
(  -2.5) 

( 

-2.5 

-2.9) 

-2.7 
(  -3.3) 

3.50 

( 

-A  .8 
-4.8  ) 

-4.8 
(  -4.9) 

-4.5 
(  -A. 9) 

-A. 9 
<  -6.1) 

( 

-5.1 

-5.3) 

-5.2 
(  -5.6) 
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T.MSO  PiM'iiLMKi  HI 


(  i-.M  SYSl  I  H 

CAY  /  ‘ .  0  -  I  '•(  I  Mill  * 

W  AV  K  l  (  N  i .  I  H  -  3 . 5  4u  (MlfUllNM 
/  t  N  1  T  H  ANI'L  I  -  >U  ■  (  Dt  (.  .  I 


8-/1  K 11  = 

0.0  10  (MlHK  I 

0 . 80 

o  .00  l 

(0  .00  1  ) 

O.024 
(  0  .('74  1 

U.M1 

0.10  4 
(  0 . 0  0  4  ) 

0.024 

(0.075) 

1  .00 

0.005 
(0.009 ) 

0.02  8 
(  0.028  ) 

1.40 

C  .  0  1  7 
(  0  . 0  1  7  ) 

0  .  C2G 
( 0.033  ) 

1 . 8i 

0.029 
(0.0  ?9  ) 

0.038 

(0.042) 

2 .30 

C.04P 
(  C  .  0  4  H  ) 

0.055 

(0.059) 

2  .'-SO 

0 . 0  B  1 

(0.081) 

0.086 

(0.CF5) 

3.50 

0.130 

(C.130) 

0.133 

(0.136) 

1 

0 . 30 

-10.8 

-13.2 

Of 

(-10.0) 

(-13.2) 

Ca’. 

o 

O'* 

o 

-5.2 

-7.4 

(  -5.2) 

(  -7.6) 

1.00 

-1.9 

-3.5 

Ta 

(  -1.9) 

(  -3.8) 

a  .  . 

1  .40 

-0 . 3 

-1 .6 

(  -0.3) 

(  -1.9) 

1  .80 

0.1 

-0.7 

f 


C.  046 
( 0.C47) 

0.0  92 
( 0.093 ) 

0.160 
(  0 . 1  6  3  ) 

0. 229 
(0.233) 

C  .  0  4  4 
(  0.C47  ) 

0. 006 

( 0. C9l ) 

C  .  1  4  9 
( 0. 158) 

0.215 
(0.226  ) 

C.042 
(  0  .  C  4  7  ) 

0.076 
(  0. C87  ) 

0.130 

(0.149) 

0  .  1  8  8 
(0.2121 

C  .  C  4  2 
( 0.C5C) 

C.  C6  5 
(  0.084  > 

0.114 

(0.139) 

0.163 

(0.197) 

0 .048 
( C.C56) 

0.  C65 
( 0.085) 

C.  105 
(0.133) 

0.  146 
(0.185) 

0.062 

(0.070) 

0.078 
( 0.C94) 

0.106 

(0.134) 

0. 139 
(0.178) 

0.091 
(  0.057) 

0.102 
( 0.116) 

0.123 

(0.147) 

0.147 

(0.184) 

0.137 
( 0.142) 

0.146 

(0.157) 

0.161 
( 0.182 ) 

0.  180 
(0.212 ) 

-15.1 

(-15.2) 

-18.4 

(-18.5) 

-22.5 

(-22.7) 

-2  6.2 
(-26.3) 

-9.2 
(  -5.4) 

-12.2 

(-12.6) 

-16.1 
( -16.6) 

-19.6 
(-20.2  ) 

-4.9 
(  -5.4) 

-7.  5 
(  -8.3) 

-11.0 

(-12.0) 

-14.2 

(-15.5) 

-2.6 
(  -2.2) 

-4.7 
(  -5.7) 

-7.7 
(  -9.1) 

-10.5 

(-12.3) 

-1.5 

1  -  7  .  1  \ 

-3.  1 

I  -4.2) 

-5.6 
(  -7.2) 

-8.0 
(-10.1 ) 

1.8G 


-0.7 


5.11 


-8.  1 

I  -4.  2) 


LMSC-B290200-III 


ST  AT  1  C.  SYSTTM 
(1  AY  t  90-R  P  R  C  FN  T  1  L  £ 

WAVt:  L  F  NOT  H=  0.930  (MICRONS) 
JINITH  ANGLf=  0.  (Of G.) 
R-ZCR()=  0  .0  32  (MFTFR) 


u  .  1  0 

0.000 
( o .000 1 

0.011 
l  0  .  C  1  1  > 

0.021 

(0.021) 

0.  042 
(  C.042  ) 

o  o 

•  • 

o  o 

0.  104 
(0.  1 04  ) 

0.20 

0  .002 
(C  ,0u2  ) 

0.012 
(  0.013  ) 

C.  02  3 
(  0.C23) 

0.043 
( 0. 044) 

0.074 

(0.075) 

0.  105 
(0.106) 

C  .  30 

0.006 

(0.006) 

0  .0  16 
(0.016) 

0.026 

(0.026) 

0.  046 
(0.046) 

0.076 
( 0. 077) 

0.106 

(0.108) 

0 .40 

0.012 

(0.012) 

0.022 
(  0.022  > 

0.  C31 
( 0. C32) 

0.051 
( 0.052) 

0.080 
( 0.082) 

0.  1  09 
(0. 1  13) 

0.60 

0.034 

(0.034) 

0.043 

(0.043) 

0.061 

(0.053) 

0.  C65 
( 0.072) 

0.096 
( 0.101) 

0.123 

(0.130) 

0  .HO 

0.066 

(0.066) 

0.C73 
(0.074 ) 

0.C81 
( 0. C83 I 

0.097 

(0.101) 

0.121 
<  0. 12B) 

0.  146 
(0.156) 

1.00 

0.104 

(0.106 

0.110 

(0.112) 

0.117 
(  0. 120 

0.131 

1 0.137) 

0.152 

(0.162) 

0.174 

(0.188) 

1  .  20 

0.  144 
(0.144) 

0.150 

(0.152) 

0.156 

(0.159) 

0.168 

(0.174) 

0.  1  86 
(0.198) 

0.  206 
(0.222).  r 

0 . 10 

-20.2 

(-20.2) 

-21.4 

(-21.4) 

-22.4 

(-22.4) 

-24.  3 
(-24.3) 

-26.6 

(-26.7) 

-28.8 

(-28.8) 

0 .20 

-14.6 

(-14.6) 

-15.8 

(-15.8) 

-16.8 

(-16.8) 

-18.6 

(-18.7) 

-20.  9 
(-21.0) 

-2  3.0 
(-23.1  ) 

0.30 

-11.8 

(-11.8) 

-12.5 
( - i2  .9  ) 

-13.9 

(-13.9) 

-1  5.6 
(-15.6) 

-17.8 

(-17.9) 

-19.8 

(-20.0) 

0.40 

-10.3 

(-10.3) 

-11.3 

(-11.4) 

-12.3 

(-12.3) 

-1  3.  8 
(-13.9) 

-15.9 
(  -16.  1  ) 

-17.9 

(-18.1) 

0  .60 

-9.7 
(  -9.71 

-10.4 
(-  1C. 5) 

-11.1 

(-11.2) 

-12.4 

(-12.7) 

-14.3 

(-14.7) 

-16.0 
(-16.4 ) 

0 . 80 

-10.6 

(-10.6) 

-11.1 

(-11.2) 

-11.7 

(-11.9) 

-12.  8 
(-13.1) 

-14.3 

(-14.7) 

-15.7 

(-16.3) 

1 .00 

-12.2 

(-12.2) 

-12.6 

(-12.7) 

-13.0 

(-13.2) 

-13.8 

(-14.2) 

-15.0 

(-15.6) 

-16.3 

(-17.0) 

1  .20 

-13.9 

(-13.9) 

-14.2 

(-14.3) 

-  14.6 
(- 14.7  ) 

-15.2 

(-15.6) 

-16.2 
( -16. 8) 

-17.3 
(-18.1  ) 

M  -37 


STATIC  SYST  t  vi 

DAY/yO-PthU  NT  ILt  l.MSC  -  H2HOHIH)  -  III 

WAV  l  l  (  N  G  T  8  =  U.8  3J  (MICRONS) 


/IMTH 

R  -  fc  R  U  - 

ANGL  T=  A0  .  (DIG.) 

0 .0  ?  A  (  M  (•  T  (  8) 

0 . 10 

0.000 
(0.0  0  o ) 

0 . 0  2  A 

(  0 . 0  ?  A  ) 

O  .  C  A  7 
(  O  .  0  A  7  ) 

C.  C  9  A 
( 0. C9A  ) 

C  .  1  6  A 

(0.165) 

0. 2  36 
(0.235) 

o  •  ?c 

0 .0-0  2 
(0.002) 

C  .  026 
( J . C26  ) 

0.CA9 
(  0  •  0  A  9  ) 

0.09  9 
( C.096 ) 

0 .  1  6  h 

(  0 . 1  6  6  ) 

0.236 

(0.236) 

0 . 30 

C.006 
(  C  .  u  0  6  ) 

0.(29 
<  0 .0  29  ) 

0. 052 
( 0.C52) 

C.  C98 
( C. 099) 

0.168 
( C. 169) 

0.2  38 
(0. 239 ) 

0 . 40 

0.01? 

10.012) 

O.C35 
( 0.C35) 

0.058 
( 0. C58 ) 

0.  103 

(0.105) 

0.1  72 
I0.17A) 

0. 2A? 
(0. ?AA  ) 

0 .60 

0 . 0  7  A 
(0 .0  3A  ) 

C  .066 
( 0 .086 ) 

C.  C78 
( C. C75) 

0.122 

(0.125) 

0.189 
( 0. 19A ) 

0.257 
(0.263 ) 

0 . 80 

0.066 
(  U  .  0  6  6  ) 

0 .0P6 
(0,0f8) 

C.  107 
(0.110) 

0.150 
(0. 15A) 

0.215 
(  0.22?) 

0.281 
(0.290 ) 

1  •  C  j 

0 . 1 0  A 
(0 . 10  A  ) 

0.  123 
(0.125) 

C.  1A3 
<  0.1A6) 

0.183 
( C. 190) 

Ci .  2  A  5 

(0.256) 

0.309 

(0.323) 

1 .20 

0 . 1  A  A 

(  0 . 1  A  A  ) 

C  .  162 
(0.165) 

0.181 
<  C. 185  > 

0.2)  8 
(  0.227) 

0.278 
(  0.291  ) 

0.339 
(0.357  > 

0 . 10 

-20.2 

(-20.2) 

-22.7 

(-22.7  > 

-2A.  7 
(  -  2  A  .  7  ) 

-28.1 

(-28.1) 

-32.3 

(-32.3) 

-36.0 
(-36.0  ) 

0 . 20 

-1  A.  6 
(  -  1  A  .  6  ) 

-17.1 

(-17.1) 

-19.1 
(-19.1  ) 

-2  2.  A 
(-22. 5) 

-26.6 

(-26.6) 

-30.2 
(-3  0.3  ) 

0.30 

-11.8 

(-11.8) 

-  1 A  .  2 

(  -  1 A  j  2  ) 

-16.1 

(-16.1) 

-19.  A 
(-19. A) 

-23.  A 
(-23.5) 

-2  7.1 
(  -2  7.2  ) 

O 

-r- 

o 

-10.3 
( -1C.3  ) 

-12.6 
(-12.6  ) 

-1A.3 
(  -  1  A  .  A  ) 

-17.  5 
( -1 7. 6) 

-21.5 

(-21.6) 

-2  5.1 
(-25.3 ) 

O  .60 

-9.7 
(  -9.7) 

-11.5 

(-11.5) 

-13.1 

(-13.2) 

-15.8 

(-16.1) 

-19.7 
( -19.9) 

-2  3.2 
( -23. A  ) 

O 

cc 

• 

O 

-  10  .6 
(-10.6) 

-12.1 

(-12.2) 

-13.  A 
(-12.6) 

-15.9 

(~lh.2) 

-1  9.  A 
(-19.8) 

-72.1 

(-23.2) 

1.00 

-12.2 

(-12.2) 

-13. A 
(-13.5) 

-  1 A  .  5 
(  -  1 A  .  7  ) 

-  16.7 
(-17.1) 

-19.  S 
(-20.5) 

-2  3.0 
(-23.7) 

1.20 

-13.9 

(-13.9) 

-  1  A  .9 
< -  15  .0  ) 

-15.8 

(-16.2) 

-1  7.  9 

(-18.3) 

-20.8 

(-21.8) 

-2  3.7 
(-2  A. 6 ) 

M-3« 


TRACKING  SYSTEM 

UAY/40_RtKC(NT  ILF  LM SC -13290200- III 

WAVF  L  f  NOT  H=  0.530  (MICRONS) 

ZFNITH  AN  CiL  F=  0.  1  0  F  G  .  » 

R-/t R0=  0.03?  (  M  FT  ER  ) 


0.30 

O.CO  1 

(0.00  1  1 

0.011 
<  C.C11  ) 

0.021 

(0.021) 

0.041 
(  0. C42  ) 

0.07  1 
(  0.072  ) 

0. 101 
(0.  103) 

0.60 

0.004 
(  0 . 0  C  4  ) 

0.0  12 
(0.013  ) 

0.  C21 
(  0.023  ) 

C.  C39 
(  0. 042) 

0. 065 
(0.071) 

0.093 

(0.100) 

1  .00 

0 .0041 
(0  .0091 

0.016 
( C  .01  7  ) 

0.C22 
( O.C25) 

0.0  36 
( 0.04? ) 

0.058 
( 0.067 ) 

0.080 

(0.093) 

1.40 

0.017 

(0.017) 

0.022 

(0.024) 

O.C27 
( 0.031) 

0.  C37 
( 0. 044 ) 

0. 054 
( 0. 066) 

0.071 
(0.088 ) 

1.80 

0.024 
(0  .0  29  ) 

0.032 
(0.C34 I 

0.036 

(0.039) 

0. 044 
( 0.051 ) 

0.056 

(0.069) 

0.070 

(0.087) 

2.30 

0.048 

(0.04b) 

0.051 

(0.053) 

0.C54 

(0.057) 

0. 059 
( 0.066) 

0.06  8 
( 0. 080) 

0.078 
(0.095 ) 

2.00 

0.081 
(0.08  1 ) 

0.083 
(o.oe4 ) 

0.C85 
( C.C87) 

0.  088 
(  0.094  ) 

0.095 

(0.104) 

0.102 

(0.116) 

3.50 

0.130 

(0.130) 

0.131 

(0.132) 

0.  132 
(0.135) 

C.  135 
(  C.  140 

0.140 

(0.148) 

0.145 

(0.157) 

0.30 

-10.8 

(-10.8) 

-11.9 

(-11.9) 

-12.9 

(-13.0 

-14.7 

(-14.8) 

-17.0 
(-17. 1  ) 

-19.1 

(-19.2) 

0.60 

-5.2 
(  -5.2) 

-6.2 
(  -6.3) 

-7.1 
(  -7.3) 

-8.  7 
(  -9.0 

-10.8 
( -11.2) 

-12.7 
(-13.2 ) 

1.00 

-1.9 
(  -1.9) 

-2.6 
(  -2.7) 

-3.2 
(  -3.5) 

-4.  5 
(  -  5  .  C  ) 

-6.2 
(  -6.9) 

-7.8 
(  -8.7) 

1.40 

-0.3 
(  -0.3) 

-0.8 
(  -1.0) 

-  1.3 
(  -1.7) 

-2.2 
(  -2.8) 

-3.5 
(  -4.4) 

-4.8 
(  -6.0) 

1 .80 

0.1 

(  0. 1) 

-0.3 
(  -0.4) 

-0.6 
(  -C.9) 

-1.2 
(  -1.8) 

-2.2 
(  -3.1) 

-3.1 
(  -4.4) 

2 .30 

-C  .  A 
(  -0.4) 

-0.6 
(  -0.7) 

-0.8 
(  -1.0 

-1.2 
(  -1.7) 

-1.8 
(  -2.7) 

-2.6 
(  -3.7) 

2.00 

-2.0 
(  -2.0) 

-2.1 
(  -2.2) 

-2.2 
(  -2.4) 

-2.5 
(  -2.9) 

-2.9 
(  -3.5) 

-3  .4 
(  -4.2) 

3.50 

-4.8 

1  -4.8) 

-4.9 
(  -4.9) 

-4.9 
<  -5.1) 

-5.  1 
(  -5.3) 

-5.4 
(  -5.8) 

-5.7 
(  -6.3) 

M-38 


T  PACK  I NG  SY S  T  (  M 

PAY/OO-PIRClNTlLf  l.MSt'-BlMtOZUO  III 

WAVC  L  l  NOT  H=  0.53)  (MICRONS) 

ZENITH  ANl'tLt=40.  (OTG.) 

R-ZFRC-  0  .0  24  (  M  E  T  r  R  ) 


•  3  0 

0.00  1 

(  o  .  u  o  l ) 

C  .  C  2  4 
(0.C24) 

0.047 

(0.148) 

0.6  53 
( 0.094) 

0.163 

(0.164) 

0.231 

(0.234) 

0  .AO 

0.004 

(0.0041 

C  .026 
( G.026 1 

C.C4P 
( U. C45) 

0.  C92 
( 0. 095) 

0.159 

(0.163) 

0.  227 
(0.233) 

1  .00 

0.009 
( 0.009) 

0  .0  28 
( 0.03C) 

0.048 
( 0.05?) 

C.  C4R 
( 0.095) 

0.151 

(0.161) 

0.2  15 
(0.228) 

1.40 

0.017 

(0.0171 

C.C34 

(0.037) 

0.051 
<  0.  C5M 

0.086 
( 0.C97) 

0.142 

(0.158) 

0.201 

(0.223) 

1 .  8  0 

0.029 

<0.0291 

0.04  2 
( 0.046 ) 

0.087 
(  0.064  ) 

0.  087 

(  0.  1  Cl  ) 

0.1  37 
(0.159) 

0.190 

(0.219) 

£  •  3  C 

0.040 
(  0  .0  48  ) 

0.060 
( 0.064  ) 

0.C71 
(  0.C79) 

0.086 

(0.112) 

0.137 
(  0. 164) 

0.  184 
(0.219) 

2.9C 

0.081 
(0  .081  1 

0.C69 
(0.053  ) 

0.CS6 
(  0. 1C6  ) 

o.  1 1  a 

(0.134) 

0.151 

(0.179) 

0.189 
(0. 229  ) 

3.50 

0.13C 
(0 . 1 30 ) 

0.136 
<  0. 14C  ) 

0.143 

(0.151) 

0.  1  59 

10.174) 

0.186 

(0.213) 

0.217 

(0.257) 

U.  30 

-10.8 
( -1C . 8 1 

-13.2 

(-13.3) 

-15.2 

(-15.2) 

-1  8.6 
( -1 8.6) 

-22.7 

(-22.7) 

-26.4 
(-26.4  ) 

0.60 

-5.2 
(  -5.2) 

-7.6 
(  -7.6) 

-9.4 
(  -8.5) 

-1  2. 6 

(-12.8) 

-16.7 

(-16.9) 

-20.  3 
(-20.5) 

1  .00 

-1.9 
(  -1.9) 

-3.8 
(  -4.0 

-5.5 
(  -5.7) 

-8.4 
(  -0.6) 

-12.2 
(-12 . Bt 

-15.6 

(-16.3) 

1. 40 

-0.3 
(  -0.3) 

-1.9 
(  -2.2) 

-3.3 
(  -3.7) 

-5.5 
(  -6.6) 

-9.3 

(-10.3) 

-12.5 

(-13.7) 

1.80 

0. 1 

(  0.1) 

-1  .  ) 

(  -1.4) 

-2.2 
<  -2.7) 

-4.4 
(  -5.3) 

-7.  5 
(  -8.7) 

-1C. 4 
(-11.9) 

2.30 

-0.4 
(  -0.4) 

-1.2 
(  -1.5) 

-2.1 
(  -2.6) 

-3.8 
(  -4.8) 

-6.3 
(  -7.8) 

-fl.R 

(-1C.7) 

2  .90 

-2.0 
(  -2.0) 

-2.6 
(  -2.8) 

-3.2 
(  -3.7) 

-4.4 
(  -5.3) 

-6.3 
(  -7.8) 

-8.4 

(-10.4) 

3.50 

-4.8 
(  -4.8) 

-5.2 
(  -5.4  > 

-5.6 
(  -6.0) 

-6.4 
(  -7.3) 

-7.9 
(  -9.3) 

-9.5 

(-11.5) 

M  40 


STATIC  SYS  T  CM  LMSC-B290200-III 

N  1GHT/ bO-P  t'RCENT  11  f 

W&VC  LENG16  =  0.5  30  (MICRONS) 

ZENITH  AN  Gl  E  =  0  .  (  OFC  .  ) 

R-2E  RC-  0.0  7")  (M  El  CR  » 


c.  10 

0.000 

(0.O00) 

0.010 

((..Oil) 

0  .  C  2  1 
(0.021) 

0.041 
t  L  .  C4  1  ) 

0.071 
(0.072  I 

0.102 
(0. 103) 

o 

• 

O 

0.00  2 
(0.002) 

0.012 

(0.012) 

0.C21 
(  0.022  ) 

0. 040 
( 0.042) 

0,  068 
(0.072) 

0.097 
(0. 102  ) 

0.30 

0.006 
(0 .006 ) 

0.014 

(0.015) 

0.C22 

(0.024) 

0.  C39 
( 0. C43 ) 

0.064 
(0.071  ) 

0.091 
(0.099 ) 

O 

>r 

• 

o 

0.C12 
(G.O  12) 

0.014 
(0.021 ) 

0.026 
(  0.C  29) 

0.  C41 
( 0. 046) 

0.06  3 
( 0.072) 

0.086 
(0.099  ) 

0 .60 

0.0?4 

(0.034) 

0.C39 
( G  .04!  ) 

0. 044 
( 0. C47) 

0.054 
( 0.061 ) 

0.071 

(0.083) 

0.089 

(0.106) 

0.80 

0.066 
(0.066  ) 

0.069 

(0.071) 

0.C73 

(0.C76) 

0.  C8C 
(0.087) 

0.  092 

(0.105) 

0.  106 
(0.123) 

1.00 

0. 104 

(0. 104) 

0.  IC6 

(0.1C8) 

C.  1C9 
(0.112) 

0.114 

(0.121) 

0.124 

(0.135) 

0.  133 
(C. 150) 

1.20 

0.146 

(0.144) 

0.146 
( C.147  ) 

C.  14e 
(0.151) 

0.  1  52 
(0.158) 

0.  159 
(0.169) 

0.167 

(0.181) 

0. 10 

-20.2 
(-20 . 2  ) 

-21.4 

(-21.41 

-22.4 

(-22.4) 

-2  4.2 
(-24.3) 

-26.5 
l -26.6) 

-2  8.7 
(-28.7) 

0 . 20 

-14.6 

(-14.6) 

-  15.7 
(-15.7  ) 

-  U.  f 

(-16.7) 

-1  8.4 
(-18.5) 

-20.5 

(-20.8) 

-2  2.5 
(-22.8) 

0.30 

-11 .6 
(-11.8) 

-12.7 

(-12.8) 

-13.5 

(-13.7) 

-15.0 

(-15.3) 

-17.  0 
(-17.5) 

-18.9 

(-19.4) 

0.40 

-10.3 

(-10.3) 

-11.  1 
(-11.2) 

-U.P 

(-12.1) 

-1  3.C 
(-13.5) 

-14.8 

(-15.4) 

-16.4 

(-17.3) 

C  .60 

-9.7 
(  -9.7) 

-10.2 
(-10.3  ) 

-10. 6 
(-1C.P) 

-11.4 

(-11.9) 

-12.6 

(-13.4) 

-13.8 

(-15.0) 

0 .80 

-10.6 

(-10.6) 

-1C.8 

(-11.0) 

-11.1 
(-1  1.4) 

-11.6 

(-12.1) 

-12.5 

(-13.3) 

-13.3 

(-14.4) 

1.00 

-12.2 

(-12.2) 

-12.4 

(-12.5) 

-12.5 

(-12.7) 

-12.9 

(-13.2) 

-13.4 
(-14.1  ) 

-14.0 

(-14.9) 

1 . 20 

-13.9 

(-13.9) 

-14.0 

(-14.1) 

-14.1 

(-14.3) 

-14.4 

(-14.7) 

-14.7 

(-15.3) 

-15.2 

(-16.0) 

M-41 


ST  AT  I  C  SY  STFM 

MGHT/50-POCCNT  11  r  LMSC-B2Vt<i'J00-lII 

WAVf  LTNr.T  H=  0  .  5  20  (MICRONS) 

ZfcNITH  A‘]GLF=40.  <0(G.) 

K-7  f  KO-  0  .0  5t>  (  H  F  T  f  l<  ) 


0.10 

O.Oi  00 
(  0  .000 ) 

O.C2  3 
( 0.024 ) 

0.047 
( C.C47) 

0.093 
( 0. 094 ) 

0.163 
( G. 1 64  ) 

U.  233 
<0.2341 

C  .  20 

0 .00  2 
(O'  .00  2  1 

0  .  C  7  5 
(  0  .  C  2  3  ) 

C  •  C  4  7 
(  0  .  C  4  i> ) 

0.  0-93 
(  C.  C 94 ) 

C.  1  6  l 
( C. 1 64  ) 

0.230 

(0.234) 

0 . 30 

0.006 
(0 .006) 

C.C7  7 
(0.023) 

0.C49 
( 0.C5C) 

0. 097 
( 0.096) 

0.156 

(0.164) 

0.225 
(0. 233) 

C  .  AO 

0.012 

(O.C'l?) 

0.C32 
(0.034 1 

0.057 
( C.065) 

0.09  3 
( 0. 099) 

0.157 

(0.166) 

0.222 

(0.234) 

0.60 

0.  C34 
(0  .0  34  ) 

0 . 0  3  1 
( 0.053 1 

0.C6P 
( O.C73) 

0.  1  03 
( C.  1  14) 

0.160 

(0.176) 

0.2  19 
(0.241) 

0.80 

0.066 
(0  .066  ) 

0  .  C  7  9 
( 0.083 ) 

0.C93 

(  0.  LC1 ) 

0.123 

(0.137) 

0.172 

(0.193) 

0. 225 
(0. 255 ) 

1 . 00 

C  .  104 
(0.104) 

C.  1  1  5 
(0.119) 

0.  126 
(  0. 134  ) 

0.  151 
(0.167) 

C.193 
( C.219) 

0. 239 

(0.275) 

1.20 

0.144 
(0. 144) 

0.153 

(0.137) 

0.163 
(  C.  171  ) 

0.183 

(0.199) 

0 . 2  l  P 
(0.246) 

0.  253 
(0.297 ) 

0 . 10 

-20  .? 

(-20.2) 

-22.7 

(-72.7) 

-24.  7 
(-24.7) 

-7  8.1 
(-23.1) 

-32.2 

(-32.3) 

-35.9 

(-35.9) 

0 .20 

-14.6 

(-14.6) 

-  1  7.C 
(-17.1) 

-  1  9  .  C 
(-19.0 

-77.7 

(-22.4) 

-26.  3 
(-26.5) 

-30.0 
(-30.1  ) 

0 . 30 

-11.8 

(-11.8) 

-  14 .0 
(-14.1) 

-15.  t 
(-16.0 

-  1  6.9 
(-1 9.2) 

-22.9 

(-23.2) 

-26.5 

(-26.81 

0 .40 

-10.3 

(-10.3) 

-12.3 

(-12.5) 

-  13.9 

1 -14.2 ) 

-16.9 

(-17.3) 

-20.7 

(-21.2) 

-2  4.1 
(-24.7) 

0  .60 

-9.7 
(  -9.7) 

-11.1 

(-11.3) 

-12.4 

(-12.8) 

-14.8 
(-1 5.4) 

-13.1 

(-19.0 

-21.2 

(-22.3) 

0 . 80 

-10.6 
(  -  1  J  .  6  ) 

-11.6 

(-11.8) 

-12.6 

(-13.0) 

-14.4 

(-15.2) 

-17,2 

(-18.4) 

-19.9 

(-21.4) 

1  .00 

-12.2 

(-12.2) 

-12.9 

(-13.1) 

-13.6 

(-14.0 

-15.0 
(-’  .9) 

-17.2 

(-18.6) 

-19.6 

(-21.4) 

1.20 

-13.9 

(-13.9) 

-  14  .4 
(-14.6) 

-14.9 

(-15.4) 

.  1 

,-16.9) 

-17.9 

(-19.3) 

-19.9 

(-2:8) 

M  42 


T  KACK  I  NO  SYSTFM 

N  lGHT/50-Pt  K  C  F  N  T  ILF  l.MSC- 13290200 -III 

WAVfr  L  FNOT  H=  0.530  (MICRONS) 

zlmth  an  cl  r=  o.  (Die.) 

R  -  Zf  RO=  0.073  (Mt-TER) 


0.30 

0 .00  1 

(0.00  1  ) 

0.0C4 
(  0  .()  10  ) 

C.C17 
( 0.018) 

0.034 
(  0. C3rt> 

0.060 
( C.066) 

0.086 
(0.095  > 

0.60 

0. 004 
(0.004) 

0.0C9 

( e .  c  l  o  t 

0.014 

(0.017) 

0.024 
(0.031  ) 

0.041 
(  0. 053  ) 

0.058 

(0.075) 

1  .00 

0.009 
(0.009  ) 

0.012 

(0.013) 

C.  C  14 
(  0. C 1 7) 

0.020 
(  0.  026) 

0.029 

(0.040) 

0.03° 
(0.055 ) 

1.40 

0.017 

(0.017) 

0.C1S 

(C.02C) 

0.020 
{  0.022  ) 

0.  023 
(  0.02R) 

0.029 

(0.037) 

0.035 

(0.047) 

1  . 8  0 

0.029 
(0.0  29  ) 

0.C3C 
( C .030 ) 

0.031 
(  0 .  C  2  2  ) 

0.033 
( C. 036) 

0.  036 
(0.042) 

0.040 

(0.049) 

2.30 

0.048 
(0.048 ) 

0.049 

(0.C50) 

0.C50 
<  0 .051 ) 

C.  051 
( 0.053) 

o  o 

•  • 

o  o 

VJ>  L* 
CD 

0.056 
(0.062  ) 

2. 00 

0.0«1 

(0.081) 

C.Cfll 

(o.ce?) 

0.  CB2 
(0.082) 

0.083 

(0.084) 

0.084 

(0.087) 

0.  086 
(0.090) 

3.50 

0.130 

(0.130) 

C.  130 
(0.130) 

C.  13C 
(0.131) 

C.  131 
(0.132) 

0.132 

(0.134) 

0.133 

(0.136) 

0.30 

(- 

10 . 8 

10 . 8  ) 

<- 

11.7 

11.8) 

-12.6 

(-12.8) 

( - 

14.2 

14.5) 

<- 

16.2 

16.6) 

-18.0 

(-18.6) 

0.60 

( 

-5 . 2 
-5.2) 

( 

-5.8 

-6.0) 

-  t .  4 
(  -6.7) 

( 

-7.4 
-8.1  ) 

( 

-8.9 

-9.8) 

-10.3 
(-1 1.5) 

1  .00 

( 

-1.9 

-1.9) 

( 

-2.1 
-2.3  ) 

-2.4 
(  -2.7) 

( 

-3.C 

-3.6) 

( 

-3.9 
-4.  8) 

-4.7 
(  -6.0) 

1.40 

( 

-0.3 

-0.3) 

( 

-0.5 
-0  .6  ) 

-C  .  6 
(  -C.5) 

( 

-1.0 

-1.4) 

( 

-1.5 

-2.2) 

-2.0 
(  -3.0) 

1.80 

( 

0.  1 

0.1) 

( 

-C.0 

-0.1) 

-0.1 
(  -0.3) 

( 

-0.3 

-0.6) 

( 

-0.6 

-1.1) 

-0.9 
(  -1.6) 

2.30 

( 

-0 .4 
-0.4) 

( 

-0.4 
-C  .5  ) 

-C.5 
(  -C.5) 

( 

-0.6 

-0.7) 

( 

-0.7 

-1.1) 

-0.9 
(  -1.4) 

2.90 

( 

-2  .0 
-2.0) 

( 

-2.0 
-2  .C 

-  2.C 
(  -2.1) 

( 

-2.1 

-2.2) 

( 

-2.2 

-2.4) 

(  -t.6) 

3.50 

( 

-4 . 8 

-4.8) 

( 

-4.8 

-4.6) 

-4.8 
(  -'-.£) 

( 

9 

'  ) 

( 

-4.9 

-5.0) 

-5.0 
<  -5.2) 

M  -43 


TRACKING  SY5TCM 

NIGHT  /  50-PEI'CFNT  ILt  LMSC-B2902U0-1I1 

WAVC  LENGTH=  0.630  (MICRONS) 

ZENITH  ANCLE=40.  (OLG.) 

K-Z  ERD=  G  .0  56  (METER) 


o  .  30 

0.0C1 
(U  .00 1 ) 

0.022 

(0.023) 

0.044 
( 0.C46  ) 

0.  OB  7 

( 0. 091 ) 

0. 1  54 
(0.169) 

0.  221 
(0.228) 

0  .60 

O.004 
(0 .004  ) 

0.020 

(C.C23) 

0.  C3P 
( C.C43) 

0.073 
( C. 084) 

0.129 

(0.146) 

0.  189 
(0.210) 

1  .00 

0.009 
(0.009  1 

C  .020 
(0.024) 

0.022 

S  0. 04 C  ) 

0.  C 6  7 
( 0.072) 

0.  090 

(0.124) 

0. 144 
(0. 180) 

1  .40 

0.0  17 
(0.017) 

0.024 
( 0.028 ) 

C.  C3? 

( 0.C4C) 

0 . 0  ■  9 
(  0.  L  v  / 

0.079 
( 0.107) 

0.  1  14 
(0. 153) 

1 .80 

0.029 
(0.029 ) 

0.034 

(0.037) 

O.C39 
( 0.C46) 

0.  051 
(  C. 065) 

0.073 

(0.098) 

0.099 
(0. 136) 

2.30 

0.048 

(0.048) 

C.  052 
(0.054  ) 

0.056 
(  0.C61  ) 

0.064 

(0.075) 

0.079 
(  0.099) 

0.  097 
(0. 129) 

2  .<30 

0.081 

(0.081 ) 

0.083 

(0.085) 

0.  Cf  6 
( 0.C89) 

0.  091 
(0.C99) 

0.101 

(0.117) 

0.114 

(0.139) 

3.50 

0. 130 
(0.130) 

0.131 

(0.133) 

C.133 

(0.136) 

0.  137 
( 0. 143) 

0.144 

(0.157) 

0.154 
(0.  173) 

0.30 

-io  .e 
(-10.8) 

-13.1 

(-13.2) 

-15.0 

(-15.1) 

-18.1 

(-18.4) 

-22.2 
1-2 2.5) 

-25.7 

(-26.1) 

U  .60 

-5.2 
(  -5.?) 

-7.1 
(  -7.3) 

-8.6 
(  -5.1) 

-11.3 

(-12.1) 

-15.0 

(-15.9) 

-18.3 

(-19.4) 

1.00 

-  1.9 
(  -1.9) 

-3.C 
(  -3.4) 

-4.1 
(  -4.8) 

—  6.  1 
(  -7.2) 

-9.0 

(-10.6) 

-11.8 

(-13.8) 

1 .40 

-0.3 
(  -0.3) 

-1  .  1 
(  -1.5) 

-1.8 
(  -2.4) 

-3.2 
(  -4.4) 

-5.4 
(  -7.2) 

-7.6 
(  -9.9) 

1.80 

0.1 

(  0.1  ) 

-0.4 
(  -0.7) 

-C.8 
(  -1.4) 

-)  .  8 
(  -2.8) 

-3.4 
<  -5.1) 

-5.2 
(  -7.4) 

2.30 

-0.4 
(  -0.4) 

-0.6 
(  -0.8) 

-C.9 
(  -1.3) 

-1.5 
(  -2.3) 

-2.6 
(  -4.0) 

-3.9 
(  -5.8) 

2  .90 

-2.0 
(  -2.0) 

-2.1 
(  -2.3) 

-2.3 
(  -2.6) 

-2.7 
(  -3.2) 

-3.4 
(  -4.3) 

-4.2 
(  -5.6) 

3.50 

-4 . 8 
<  -4.8) 

-4  .9 
(  -5.0) 

-5.C 
(  -5.1) 

-5.2 
(  -5.6) 

-5.6 
(  -6.3) 

-6.2 
(  -7.2) 

M  -44 


ST  AT  1C  SY81 FM 
NlC.HT/'JO-^^CfNT  ILt 
WAVr  LFNfiTh-  0.539  t  M  I  CH  ON  S  J 
7ENITH  AN  CL  F=  0.  (OFC.l 
P-7ERC=  0.050  (METfcR) 


l.MSC-  B290200-III 


0 . 10 

0.0  00 
(O.OOC ) 

c-  .  20 

c.oo? 

(0.002) 

0 . 30 

0.006 
(C  .006 ) 

0  .40 

0.01? 

(0.012) 

0  .60 

0  .0  34 
(0.034) 

0.00 

0 . 066 
(0.066 ) 

1.00 

0.104 
(0 .104) 

1.20 

0.144 

(0.144) 

0 .10 

-20.2 

(-20.2) 

0 . 20 

-14.6 

(-14.6) 

0.30 

-11.8 

(-11.8) 

0.40 

-10.3 

(-10.3) 

0.011  0.C-21 

(  0  .0  1  1  )  ( 0. C?  1  ) 

0.012  0.022 

(0.0121  ( C.C23) 

0.013  0.C24 

(0.C15J  (0.023) 

0.C21  0.C2S 

( C.C22 )  ( C.C31 ) 

0.C41  0.048 

(  C  . 0 4 2 1  10.051) 

0.071  O.C77 

(0.073)  (0.C8C) 

0.1C8  C.112 

(0.110  (0.116) 

C. 148  C. 151 
(0.149)  (0.155) 


-P1.4  -22.4 

(-21.4)  (-22.4) 

-15.7  -lfc.fi 

(-15.8)  (-16.8) 

-12.8  -13.7 

(-12. 8)  (-13. R) 

-11.2  -12.1 

(-11.3)  (-12.2) 


0.041  0.07? 

(0.C42)  (0.073) 

0.04?  0.07? 

(0.043)  (0.074) 

0.043  0.071 

(0.045)  (0.075) 

0.C47  0.073 

(0.050)  (0.079) 

0.062  0.084 

(0.067)  (0.093) 

0.088  0.106 
( 0. 095)  (0.118) 

0.122  0.136 

(0.129)  (0.149) 

0.158  0.170 

(0.165)  (0.182) 


-24.3  -26.6 

(-24.3)  (-26.6) 

-18.5  -20.8 
(-18.6)  (-20.9) 

-15.4  -17.5 

(-15.5)  (-17.8) 

-13.5  -15.5 

(-13.7)  (-15.9) 


0.103 

(0.104) 

0. 102 
(0.  104  ) 


0.  ICO 
(0. 105) 

0.  ICO 
(0. 108) 

0.  107 

(0.120) 

0.125 

(0.141) 

0.152 
(0. 169) 

0.183 
(0. 201  ) 


-2  8.7 
(-28.8) 

-22.9 

(-23.0) 


-19.5 

(-19.8) 


-17.3 

(-17.8) 


0  .60 


C  •  8  0 


1.00 

1.20 


-9.7 

-10.3 

(  -9.7) 

(-10.4) 

-10.6 

-n.o 

(-10.6  ) 

(-li.i) 

-12.2 

-12.5 

(-12.2) 

(-12.6) 

-13.9 

-14.1 

(-13.9) 

(-14.2) 

-1C. 9  -11.9 

(-11.1)  (-12.3) 

-11.4  -12.2 

(-11.6)  (-12.6) 

-12.7  -13.3 

(-13.0)  (-13.7) 

-14.3  -14.7 

(-14.5)  (-15.D 


-13.5  -15.0 

(-14.2)  (-15.8) 

-13.4  -14.5 

(-14.1)  (-15.5) 

-14.1  -15.0 

(-14.81  <-16. 0) 

-15.4  -16.0 

(-16.0)  (-17.0) 


M  -45 


STATIC  SYSTTM 

N  1GHT/OU-PC  KCt  N1  1LC  I.MSC-B290200-I1I 

WAVF  L  T  NOT  H=  0  .  ^30  (MICPONS) 

2FNITH  ANCLC-AO.  (DUG.) 

K-ZfPO  0.0  38  (MI-TF-R  ) 


0 . 10 

0.000 

I 0  .000  I 

0.C2A 
( 0 .02A  ) 

C  .  C  A  7 
<  0. CA7) 

0.  09A 
(  0  .  C  9  A  ) 

0.  1  6  A 

(0.164) 

0. 23A 
(0.  235  ) 

0 . 20 

0 .00? 

( 0 .00?  ) 

0.026 
(  0 . 0  ?  5  > 

0.CA8 
( 0.CA9) 

c.  coa 

(0.095) 

0.  1  6  A 
( C. 1 65) 

0. 23A 
(C. 235 ) 

C  .30 

0 .006 
( n  .006  ) 

O.C28 

(0.029) 

C.C51 

(C.C5?) 

0.096 
(  0.098) 

0.1  64 
(0. 167) 

0.  233 
(0.237) 

0  .AO 

0.0  1? 

(0.012) 

0 .03A 
( 0.0  35  ) 

C.C56 
( O.C57  > 

C.  1  CC 
(  0. 1 C3) 

0.  167 
(0.171) 

0.  ?3A 
(0. 24  1  ) 

0  .60 

0 . 0  3  A 
(  0  .0  3  A  ) 

C.C54 
(  0.C55  ) 

0.  C7A 
<  0  .  C  7  7  ) 

C.  1  1  A 
(0.121) 

0.  1  77 
(C . 187) 

0.  24 2 
(0.255  ) 

0.80 

0  .066 
(0.066 ) 

0.083 
(  0.086  ) 

c.ici 

(0.1C6) 

0.  138 
( 0. 1 A7) 

0.196 
(  C  .  2  1  1  ) 

0. 257 
(0. 276) 

1.00 

0. 1CA 
(  0 . 1 0  A  ) 

0.119 
( C  .  122  ) 

0.135 
( C. 1A1  ) 

0.  168 
( 0. 1 8C) 

C.221 
(0.2A1 ) 

0.278 

(0.303) 

1.2C 

0. 1  AA 
(0 .1 AA  ) 

0.168 

(0.161) 

C.171 
( C. 179) 

0.201 

(0.215) 

0. 2A9 
( 0.272) 

0.  300 
(0.331 1 

0.10 

-20  .  ? 

(-20.2) 

-22.7 

(-22.7) 

-  2  A  .  7 
(  -  ?  A  .  7  > 

-28.1 
(-28. 1 ) 

-32.3 

(-32.3) 

-35.9 

(-36.0) 

C  .20 

-14.6 

(-14.6) 

-17.1 
1-17.1  ) 

-15.0 
(-19.1 ) 

-22.4 

( -22. A) 

-26.5 
( -26.5) 

-30.1 
(-30.2  ) 

0.30 

-11.8 

(-11.8) 

-14.1 
(-14.2  ) 

-  16  ,C 
( -16.0 ) 

-19.  2 
(-19.3) 

-23.2 

(-23.4) 

-26.9 

(-27.0) 

0 .40 

-1C  .3 
(-10.3) 

-12.5 
(-12.5 ) 

-  1  A  .  2 
(  -  1  A  .  3  5 

-17.3 
(-1 7.5) 

-21.2 

(-21.5) 

-2A.fi 

(-2  5.1  ) 

0.60 

-9.7 
(  -9.7) 

-11.3 
(-11 .A ) 

-  12.6 
(-13.0) 

-15.5 
(-1  5.  9) 

-19.  1 
(-19.6) 

-22.4 

(-23.0) 

0.80 

-10.6 
(-10  .6) 

-1  1  .  e 
(-12.0) 

-13.1 
(  -  13  .  A  ) 

-15.3 

(-15.8) 

-18.5 

(-19.2) 

-2  1.6 

(-22.5) 

1.00 

-12.2 

(-12.2) 

-13.1 

(-13.31 

-  1 A  .  1 
(  -  1 A  .  A  ) 

-15.5 

(-16.6) 

-18.7 
( -» 9. 7) 

-2  1.5 
(-22.8) 

1.20 

-13.9 

(-13.9) 

-1A.7 
(  -  1 A  .  9  1 

-15. A 
(-15.8) 

-  17.0 
(-17.7) 

-19.  A 
(-20.6) 

-21.5 
(-23. A) 

M  -46 


T  HACK.  ING  SYSTEM 

NIGHT/9U-PH'CFNT  |L  6  LMS('-B2tt02«»0-IlI 

WAV?  L  r  NGT  H=  0.430  (MICRONS) 

Z  F  N l T  H  ANGl  F=  0.  ( 01 G  .  ) 

K  -  /  C  R  0  =  0.040  (  M  F  T  r  R  > 


0 . 30 

0 . 0  0  1 
(  0 .00 1 ) 

C  .010 
( o . 0 1  1) 

0.020 

( O.C?  1  ) 

0.038 
( 0.040) 

h-  o 

c  o 

•  • 

O  -J 

0. 095 

(0. 100  ) 

C  .  6  0 

0.004 
(0.004  ) 

C  .0  1  1 
(0.C12 1 

0.01  ft 
( 0.020) 

0.  C32 
(  C.C37) 

0.054 
(0.063 ) 

0.077 
(0.090  ) 

1.0  0 

0 . 0C9 
(0.009  ) 

0.0  13 
(0.015) 

0.018 
(0.02  1  > 

0.0?  7 
(0.034) 

0.04  1 
( 0. 054) 

0.057 
(0.075 1 

1 . 40 

0.0  17 
(0.017) 

0 .020 
(0.021) 

0.  C23 
(  C.  C2t ) 

C.C29 
( 0.C35) 

0.038 
( 0.050) 

0.  049 
(0.065) 

1.80 

0.029 
(c  .029 ) 

0.030 

(0.032) 

0.C22 
( 0.035 ) 

0.  C36 
( 0.042) 

0.043 
(0. 053) 

0.050 
(0.064  ) 

2.30 

0.04  8 
(0  .048 ) 

C.C5C 
(0.051  ) 

0.C51 

(0.053) 

0.054 
( 0.058) 

0.058 

(0.065) 

0.063 

(0.074) 

2.90 

0.081 
(0.081 ) 

C  .082 
(0.082) 

O.C  83 
( 0.CB4 ) 

0.  C64 
(0.087) 

0.087 
( 0. 093) 

0.090 

(0.098) 

3.50 

0. 1  30 

(0 . 1 30  ) 

0.130 

(0.131) 

C.  131 
(0.132) 

0.132 

(0.134) 

0.134 

(0.138) 

0.137 
(0.143 ) 

C  .  30 

(- 

10.  P 
10.8) 

<- 

1  1  .8 

11 .9) 

-12.8 

(-12.9) 

-14.5 

(-14.7) 

-16.7 
( -16.9) 

-18.7 

(-19.0) 

0.60 

( 

-5.2 

-5.2) 

( 

—  6  .  C 
-6.2) 

-6.8 
(  -7.1) 

-8.2 
(  -  8.6) 

-9.9 
(  -10.6) 

-11.6 

(-12.5) 

1  .00 

( 

-1.9 

-1.9) 

( 

-2.3 

-2.5) 

-2.8 
(  -  3.1) 

-3.  7 
(  -4.3) 

-4.9 
(  -5.9) 

-6.1 
(  -7.4) 

1  .40 

( 

-C.3 

-0.3) 

( 

-C.6 
-  C  •  8  ) 

-C.9 
(  -1.2) 

-1.5 
(  -2.1 ) 

-2.3 
(  -3.2) 

-3.1 
(  -4.4) 

1.80 

( 

0 . 1 
0.1) 

( 

-0.1 

-0.2) 

—  C .  3 
(  -C.5) 

-0.6 
(  -  1 .  C) 

-1 . 1 
{  -1.9) 

-1.7 
(  -2.8) 

2 .30 

( 

-0.4 

-0.4) 

( 

-0.5 
-C.5  ) 

-  C  .6 
(  -C.7) 

-0.8 
(  -1.1) 

-1.1 
(  -1.6) 

-1.5 
(  -2.2) 

2.90 

( 

-2.0 
-2.0  ) 

( 

-  2.0 
-2.1  > 

-2.1 
(  -2.2) 

-2.2 
(  -2.4) 

-2.4 
(  -2.8) 

-2.6 
(  -3.2) 

3.50 

( 

-4.  8 
-4.  B) 

( 

-4.8 

-4.8) 

-4.9 

(  -4.9) 

-4.9 
(  -5.0) 

-5.  0 
(  -5.3) 

-5.2 
(  -5.5) 

M-4  7 


-4*4egN;#<!| 


l.MSC'  icomnno-lll 


TRACKING  CI  v  s  i  r  M 
NIGHT /40-l’t  KC.I  NT  11.  f 
W4VT  LfNCTH-  0.5  30  (MICH  U  NS) 
/  h  N  I  T  H  AHGll=40.  (DIG.) 

H-  7  CH  0-  0.03*3  (  M  f  T  r  H  ) 


0 . 30 

0.001 
(0.00  l  ) 

0 .0?3 
( C.024 ) 

0.046 
( C.C47  ) 

C.  CS1 
(  0.  093) 

0.  1  60 

(0.162) 

0.229 

(0.232) 

0.60 

0.004 
(0  .004  1 

C.C23 

(0.026) 

C.043 

(C.C47) 

0.064 

1  G.  090 

0.147 

(0.157) 

0.21? 

(0.224) 

1.00 

0.009 

(0.009) 

0  .024 
(0.02ft) 

0.040 
( C.C47) 

C.  C  74 
(  C.  CB5) 

0.127 

(0.146) 

0.183 

(0.209) 

1  .40 

0.0  17 
(0.0  17  1 

O.C28 

(0.033) 

0.C41 
( C.  C45) 

C.067 
( 0. 0«2 ) 

0.110 

(0.135) 

0.  157 
(0.  192  ) 

1  .so 

0.C29 

(0.029) 

C  .037 
(0.041) 

0.  C  4  6 
( 0.C64) 

0.  C66 
( C. C63 ) 

o.ioi 

(0.128) 

0.140 
(0. 179) 

2 . 30 

0.04ft 

(0.048) 

0.055 

(0.056) 

0.061 
( 0.C69) 

0.  076 
(  0. 091  ) 

C.  1  02 

(0.129) 

0.132 
(0.  171  ) 

2.90 

0.08  1 
(0.081) 

0.065 
(  C  .  C  6  8  ) 

0.C8C 
( C.C56  > 

0.  ICO 
(0.113) 

0.119 

(0.143) 

0.142 

(0.177) 

3. SO 

C.  13C 
(0.130) 

0.133 
( C. 135 ) 

0.136 
( C.  141  ) 

C.  144 
(0.1 55) 

0.158 
( 0. 17B) 

0.176 
(0. 2C6  > 

0 .30 

-10  .  B 

(-10.3) 

-13.2 

(-13.2) 

-15.  1 
(-15.2) 

-18.4 
(-1 8.5) 

-22. c 
(-22.7) 

-26.  1 
(-26.3) 

0.60 

-5.2 
(  -8.2) 

-7.4 
(  -7.5) 

-9.1 
(  -8.4) 

-12.1 

(-12.5) 

-16.0 

(-16.5) 

-19.5 

(-20.1) 

1  .00 

-1.9 
(  -1.9) 

-3.4 
(  -3.8) 

-4. 8 
(  -5.3) 

-7.3 
(  -ft. 2) 

-10. R 
(-11.9) 

-13.9 

(-15.3) 

1.40 

-0.3 

-1.9 

-2.5 

i  —  -a  y  \ 

-4.  5 
(  -5.6) 

-7.4 
(  -8.9) 

-10.1 

(-12.0) 

(  -0.3) 

(  -1.8) 

_  i  ^  4 

-2.9 

-5.3 

-7.6 

1  .SO 

2.30 

0 . 1 
(  o.n 

-0.4 
(  -0.4) 

C  •  f 

(  - l .0  ) 

-0 . 8 
(  -1.1) 

i  •  “ 

(  -2.0) 

-1.3 
(  -1.9) 

(  -4.1) 

-2.4 
(  -3.4) 

(  -7.0) 

-4.2 
(  -5.8) 

_  A  U 

(  -9.8) 

-6.0 

(  -8.21 

-5  .  R 

2.90 

-2.0 
(  -2.01 

-2.3 

1  (  -2.5) 

-2.6 
(  -3.0 

-  3#  3 
(  -4.1) 

H  • 

(  -5.8) 

(  -7.7 
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LMSC-B290200-I1I 


I 

I 


Si  AT  1C  SY  ST  f  M 

t:  />  y  /  sO-RtRCEN)  ILE 

WAVL  LTNGTI--  0.6?  3  (MICRONS) 

ZENITH  ANOL  E-  0.  (OTC.) 

K-ZfRO=  0.058  (  M  E  T  r  R  ) 


0 . 10 

0.000 
( 0.000  ) 

0.0C9  0.C17 

(0.OC9)  (0.017) 

0.034 

(0.034) 

0.059 

(0.059) 

0. 0*4 
(C.0P5) 

0.2  0 

0.002 
<0.002 ) 

o.oio 

(C.oio) 

0.018 

(0.019) 

0.  C34 
(0.  035) 

0.058 
(  0.  06  0) 

0.0B3 
(0. 085 ) 

0  .TO 

0.006 
(0  .006  ) 

0.013 

(0.014) 

0.021 

(0.022) 

0.  035 
( 0. 037) 

0.058 
( 0.061  ) 

0.081 
(0.086  ) 

o  ,<,o 

0.012 

(0.012) 

0  .C19 
(0.020 

0.026 
(  0.027  ) 

0.  C38 
(0.042) 

0. 060 
(0.065) 

0.081 
(0.088  ) 

0  .6C 

0.034 
(0  .034  ) 

0.  C38 
<0.040 ) 

0.045 
( 0.C47) 

0.056 
( C. 060) 

0.073 

(0.081) 

0.090 

(0.102) 

0.8C 

0.066 

(0.066) 

0.070 
(0.C71 ) 

C.C74 
( O.C77 I 

C.  C  83 
( Q. C38) 

0.096 

(0.106) 

0.  1  10 
(0.124) 

1 .00 

0.104 

(0.104) 

C.  1C7 
(G.1C8) 

0.110 

(0.113) 

0.117 

(0.123) 

0.128 

(0.1381 

0.139 

(0.154) 

1.20 

0.144 

(0.1441 

C.147 

(0.148) 

C.  148 
(0.152) 

0.155 
(  C. 160) 

0.163 

(0.173) 

0.  172 
(0. 186) 

C  .10 

-20. 2 
(-20.2) 

-21 . 1 
(-21.1) 

-22.  C 
(-22.0) 

-23.  7 
(-23.7) 

-25.6 

(-25.6) 

-27.4 

(-27.5) 

0.20 

-14.6 

(-14.6) 

-15.5 

(-15.6) 

-16.4 

(-16.4) 

-17.8 

(-18.0) 

-19.8 

(-19.9) 

-21.5 

(-21.7) 

0.30 

-11.8 

(-11.8) 

-12.6 

(-12.7) 

-13.4 
(-13.5 ) 

-14.8 

(-14.9) 

-16.5 

(-16.8) 

-18.2 

(-18.5) 

0.40 

-10.3 

(-10.3) 

-11.0 

(-11.1) 

-11.7 

(-11.9) 

-12.8 

(-13.2) 

-14.5 

(-14,9) 

-16.1 

(-16.5) 

0.60 

-9.7 
(  -9.7) 

-10.2 

(-10.?) 

-10.6 
(  -  l  0  •  8  i 

-11.5 
(-11. B) 

-12,7 

(-13.3) 

-13  .9 
(-14.7) 

0 .80 

-10.6 
(-10 .6 ) 

-1C. 8 
(-11.0) 

-11.2 

(-11.4) 

-11.8 
(-12.2  ) 

-12.7 
( -13.4) 

-13.6 

(-14.5) 

1.00 

-12.2 

(-12.2) 

-12.4 

(-12.5) 

-12.6 

(-12.8) 

-13.  C 
(-13.41 

-13.6 

(-14,2) 

-14.3 
(-15.1  > 

1.20 

-13.9  -14.0 

(-13.9)  (-14.1) 

-14.2 
i  (-14.4) 

-14.5 

(-14.8) 

-15.0 

(-15.5) 

-15.5 

(-16.2) 

M-49 


STATIC  SYSTEM 

n AY /  50-PfcKCtNT  11  E  LM  SC -112902  00 -111 

WAVE  L  E  NOT  H=  0.63  '3  (MICRONS) 

ZENIT  H  ANCLE  =40.  (UtC.) 

R-ZtRO=  0.044  (METER) 


0 .10 

0.000 
( 0  .000  ) 

0.  t  19 
(0.019) 

0.C38 
(  0.  C 3 8  ) 

0.076 
(  0.076) 

0.133 

(0.134) 

0.  190 

(0.191) 

0.20 

0  .002 
(0.002) 

C.021 

(0.021) 

0.  C40 
( 0.040) 

0.  C77 
(  0.  078) 

0.133 

(0.135) 

0.  190 

(0.191) 

0.30 

0.006 

(0.006) 

0.C24 
(0.024  ) 

0.042 
(  C. C43  ) 

0.076 

(0.080) 

0.  1  34 
(0.136) 

0.  IR9 
(0. 193) 

u  .40 

0.012 

(0.012) 

C.03G 
( 0 .030  1 

0.  C47 

(  0  .  C  4  c  ) 

0. 082 
( 0. CflS) 

0.136 
(0.141  ) 

0.  191 

(0.197) 

0  .60 

0.C34 
(0  .034 ) 

0. 05  0 

(0.C51  ) 

0.065 
( 0.C68) 

0. 098 
(0.103) 

0.148 

(0.157) 

0.199 

(0.211) 

O 

CC 

• 

o 

0.066 

(0.066) 

C.079 

(0.082) 

C.C93 
( G.CS8 ) 

C.  127 

(0.131) 

0.168 
( 0. 1 81) 

0.215 
(0. 233  ) 

1.00 

0.  10  4 
(0.104) 

C  .  1 16 
(  C .1 18  ) 

0.126 

(0.133) 

0.153 

(0.164) 

0.194 

(0.211) 

0.237 
(0. 260) 

1.20 

0.144 

(0.144) 

C.154 

(0.157) 

C.  165 
( C . 171 ) 

0.  187 
(0.198) 

0.223 

(0.243) 

0.26? 

(0.2901 

0. 10 

-20.2 

(-20.2) 

-22.3 

(-22.3) 

-24.0 
(-24,0 ) 

-26.  9 
(-26.8) 

-30.  5 
(-30. 5) 

-3  3.7 
(-33.7) 

C.2C 

-14.6 

(-14.6) 

-16.6 

(-16.7) 

-18.3 
(-18.4  ) 

-21.1 

(-21.2) 

-24.7 

(-24.9) 

-27.9 

(-28.0) 

0.30 

-11.8 

(-11.6) 

-13.7 

(-13.7) 

-15.3 
(-15.4 ) 

-18. C 
(-19.1) 

-21.5 

(-21.7) 

-2  4.6 

(-24.8) 

0.40 

-10 .3 

(-10.3 ) 

-12.1 
(-  12.2  ) 

-13.5 

(-13.7) 

-16.1 

(-16.31 

-19.5 

(-19.8) 

-22.5 

(-22.8) 

C 

• 

* 

o 

-9.7 
(  -9.7) 

-  1 1  .C 
(-11.1) 

-12.2 
(-12.4  ) 

-14.5 
(-14.  8) 

-17.4 

(-17.9) 

-20.2 

(-20.8) 

c 

• 

CC 

c 

-10.6 

(-10.6) 

-11.6 

(-11.7) 

-12.6 

(-12.8) 

-  1  4 . 4 
(-14.8) 

-16.9 
( -17.7) 

-19.4 

(-20.4) 

1.00 

-12.2 

(-12.2) 

-  12.9 
(-13.1) 

-13.7 
<-  14,0  ) 

-15.1 
(-1  5.  7) 

-17.3 

(-18.2) 

-19.5 
(-20.7 ) 

1.20 

-13.9 

(-13.9) 

-14.5 

(-14.7) 

-15.1 

(-15.4) 

-  16.3 
(-16.9) 

-18.1 

(-19.2) 

-2  0.1 
(-21.4) 

M  -  30 


1  HACK  I  NC>  SYSTEM 

HAY  /  50-PFHCrNT  IL  l  LMSC-B290200-III 

HAVE  LENGTH^  0.623  (  M  t  CP  ON  S  ) 

ZENITH  ANGL  C  =  0.  (DEG.) 

R-ZERO=  0.058  (METER  I 


0.30 

0.001 
(0.00  1  ) 

C.008 

(0.0C9) 

0.0  16 
(0.017) 

0.031 

(0.033) 

IT 

o  o 

.  . 

o  o 

0.  076 
(O.Oftl  ) 

0.60 

0.009 
(0.009 ) 

O.OCS 
<0.0  10  ) 

0.C19 
(0.0  7) 

0.026 
( C.030) 

0.093 
(0.051  ) 

0.060 

(0.07 1 ) 

1  .00 

0.000 

(0.009) 

0.012 
(0.013  ) 

0  .  C  1  fc 
<  C.C18) 

0.  022 
(0.028) 

0.033 

(0.093) 

0. 044 
(0. 059) 

1.90 

0.017 

(0.017) 

0.C19 
(0.020 ) 

C.  C21 
( 0.C29) 

0.026 
(  C. 031  ) 

0.032 

(0.041) 

0.  040 
(0.053) 

1 . 80 

0.029 

(0.029) 

C.030 
(0.031 ) 

0.C31 

(0.033) 

0.  039 
( 0.038) 

0.039 

(0.046) 

0.044 

(0.055) 

2  .30 

0.098 

(0.098) 

0.C95 

(0.050 

C.C5C 
( 0.0R2  > 

0.052 
( 0.055) 

0.  055 

(0.061) 

0.059 
(0.067 ) 

2.00 

0.081 
(0 .081) 

0 .081 
(0.082 1 

0.C82 
( 0.C83) 

0.  C 83 
l  0.085) 

0.085 

(0.089) 

0.088 

(0.093) 

3.50 

0. 1  20 

(0. 130) 

0.130 

(0.131) 

0.131 
( 0.131) 

0.  132 
(0.133) 

0.133 

(0.136) 

0.135 
(0. 139) 

0.30 

-10.8 

(-10.8) 

-11.6 

(-11.7) 

-12.9 

(-12.5) 

-13.9 

(-19.1) 

-15.7 

(-15.9) 

-1  7.4 
(-17.7) 

0.60 

-5.2 
(  -5.2) 

-5.9 
(  -6.0 

-6.9 
(  -6.7) 

-7.6 
(  -8.0 

-9.  0 
(  -9.7) 

-10.4 

(-11.2) 

1.00 

-  1  .9 
(  -1.9) 

-2.2 
(  -2  .3  1 

-2,5 
(  -5.8) 

-3.2 
(  -3.8) 

-4.3 
(  -5.1) 

-5.2 
(  -6.3) 

1  .90 

-0.3 
(  -0.3) 

-C.5 
(  -0.7) 

-0.7 
(  -1.0 

-1.2 
(  -1.7) 

-1 . 9 
<  -2.6) 

—2.4 

(  -3.5) 

1  .80 

0.1 

(  0.1) 

-C.  1 
(  -0.2) 

-C.2 
(  -  C  »  9  ) 

-0.9 
(  -0.8) 

-0.  8 
(  -1.4) 

-1.2 
(  -2.0) 

2 .30 

-0.9 
(  -0.9) 

-0.9 
(  -0.6) 

-C.5 
(  -C.6) 

-C.6 
(  -0.9) 

-0.9 
(  -1.3) 

-l.l 
(  -1.7) 

2.00 

-2.0 
(  -2.0) 

-2.0 
(  -2.0) 

-2.1 
(  -2.1) 

-2.  1 
(  -2.3) 

-2.3 
(  -2.5) 

-2  .4 
(  -2.8) 

3.50 

-9.8 
(  -9.8) 

-9.8 
(  -9.8) 

-9.8 
(  -9.9) 

-9.9 
(  -5.0 

-5.0 
(  -5.1) 

-5.1 
(  -5.3) 

M-51 


T  6  AC  K  t  N  (;  SYSTTM 

DAY/  SO-PFKCrNT  IL  f  LMSC -1)290200-111 

WAVF  LFNGTH=  0.633  (MICRONS) 

7CNIIH  ANCL8=40.  (DFC.I 
(<  —  ?  fc  P  0  —  0.0  44  (MCTtR) 


0 .30 

0.0C1 
(0.00  1  1 

0.  C  1  S 
(  C  .  L  2  C  > 

0.C37 
(  0.C3M 

0. 07 A 

(  C.076) 

0.129 
(  0  .  li  2  ) 

0.  185 

(0.188) 

0  •  (5  0 

0.004 
i  0.00 A ) 

0 .0  19 
( 0.021  ) 

0.035 
(  0 .03(j  ) 

C.  C6P 
(  0.073  ) 

0.117 

(0.127) 

0. 169 
(0.181) 

1  .UO 

0.009 
(0.009 ) 

C.C21 
( 0 .02A  ( 

0.033 
( 0.C25) 

0. 059 
( C. C69) 

0.099 

(0.117) 

0.18? 

(0.166) 

1  .AO 

0.017 

(0.0171 

0.020 
(  0 .029  1 

0.  C25 

(  0.0A1  ) 

0.  C5A 
( C. C67) 

0.086 
(0.108  ) 

0.12  1 

(0.151  1 

1.80 

0.029 
<0  .0  29 ) 

0.C35 

(0.038) 

0.0A2 
( C. CAP  ) 

0.  056 
( 0.069) 

0.  C81 
(0.104) 

0.109 
(0. 1A  1  ) 

2.30 

0 .0A8 
(  0  .  0  A  8  1 

0 .  OS  3 
(0.066 ) 

O.C58 
<  C .CCA ) 

0.068 
( C. C80) 

0.086 

(0.107) 

0.107 

(0.138) 

2.90 

0.  C81 
(O.Cfll ) 

O.C64 
(0.0 80 ) 

C.CP7 
( C.052 ) 

C.  095 
( 0. IDA  ) 

C.  108 
(0.125) 

0.123 

(0. 1A9  ) 

3.  SC 

0 . 1  30 

(0 . 1 30  ) 

0.132 
(0. 13A ) 

0.135 
( C. 138) 

0.  1  AC 
( 0. 1A8) 

0. 1A9 
( C.16A  ) 

0.161 

(0.183) 

0.3C 

-10.8 

(-10.8) 

-  12.7 
(-12.6) 

-  1A.A 
(-14.5) 

-1  7.2 
(-17.2) 

-20.  8 
(  -20.9) 

-2  3.9 
(-24.0) 

0.60 

-5.2 
(  -5.2) 

-7.0 
(  -7.1 ) 

-6.5 
(  -3.7) 

-1C. 9 
(-11.3) , 

-  1  A  .  3 
(-14. 8) 

-17.2 

(-17.3) 

l  .00 

-1 .9 
(  -1.9) 

-3.1 
(  -3. A) 

-A. 3 
(  -A. 7) 

-6.3 
(  -7.0) 

-9.  1 
(-10.2) 

-11.7 

(-13.0) 

1  .AO 

-0.3 
(  -0.3) 

-1.2 
(  -1.5) 

-2.0 
(  -2.6) 

-3.6 
(  -4.5) 

-5.8 
(  -7.3) 

-8.  1 
(  -9.8) 

1.80 

0.1 

(  0.1) 

-0.5 
(  -0.8) 

-  1 .0 
(  -1.5) 

-2.2 
(  -3.1) 

-3.9 
(  -5.5) 

-5.8 
(  -7,7) 

2 . 30 

—  0  »  A 
(  -0 . A  ) 

-0.7 
(  -C.9) 

-1.1 
(  -1.5) 

-1.8 
(  -2.7) 

-3.  1 
(  -A. 5) 

-A.  5 
(  -6.3) 

2.9u 

-2  .0 
(  -2.0) 

-2.2 
<  -2.3) 

-2. A 
(  -2.7) 

-2.9 
(  -3.5) 

-3.7 
(  -4.8) 

-A. 7 
(  -6.2) 

3.50 

-A.  8 
(  -A. 8) 

-A. 9 
(  -5.0 

-5.1 

(  -5.3) 

-5.  A 
(  -5.8) 

•5.9 
<  -6.7) 

-6.5 
(  -7.7) 

M  -52 


LMSC-B290200-III 


STATIC  SYS  T  FM 
nAY/OO-PTRClNT  IL  E 
WAVE  IENGTH  =  0.633  (MICRONS) 
ZENITH  ANGL  E  =  0.  <()EG.) 

R-ZFRO  0 .0  39  (METER  ) 


0.10 

0.000 
( 0  .  oOO ) 

0.0C9 
(O.0C9 ) 

3. Cl  7 
(0.017) 

0.  034 
(0.034) 

0.  089 
(  0.  059) 

0.085 

(0.085) 

0.20 

0.002 
(0.002 ) 

0.C1C 

(0.011) 

0.019 
(0. C19) 

0.  035 
( C. 036) 

0.060 
( 0.061 ) 

0.085 
(0. 086) 

C.  30 

0 .  006 
(0.006) 

0  .0  14 
( 0.014  ) 

0.022 
( C.022 ) 

C.  C3B 
( 0. 039) 

0.062 

(0.063) 

0.086 

(0.088) 

0  .40 

0.012 
(0  .0  1  2) 

0.020 
(0.020 ) 

0.C2? 

(0.028) 

0.04  3 
(0.044 ) 

0.  066 
(0.069) 

0.  089 
(0.093) 

0.60 

0.034 
(0.034  1 

0.04  1 
(0.04  1  ) 

0.C47 

(O.C45) 

0.  061 
(  0. C64  ) 

0.082 

(0.087) 

0.  103 
(0. 1  10  ) 

0  .80 

0.066 

(0.066) 

0.07  1 
(0.072) 

0 .077 
(0.C7S ) 

0.  C 89 
( 0.093) 

0.107 

(0.115) 

0.  126 
(0.  1 36) 

1.00 

0.104 
(0.104 ) 

0.  It  9 
(0.110) 

C.  114 
(0.116) 

0.  124 
( 0.129) 

0.139 

(0.148) 

0.  156 
(0. 168) 

1.20 

0.144 
(  0 . 1 4  A  ) 

C.  148 
(0.150 

0.  152 
(0.155) 

0.161 

(0.167) 

0.174 

(0.184) 

0.  188 
(0.  202) 

0.10 

-20.2 

(-20.2) 

-21  .  1 
(-21.2) 

-22.0 

(-22.1) 

-23.7 

(-23.7) 

-25.6 

(-25.7) 

-2  7.5 
(-27.5) 

0.20 

-14.6 

(-14.6) 

-15.6 
(-15.6  ) 

-  16.4 
(-16.4  ) 

-18.0 

(-18.0) 

-19.9 

(-20.0) 

-21.7 

(-21.8) 

0.30 

-11  .8 
(-11.8) 

-12.7 
(-12.7  ) 

-13.5 

(-13.5) 

-14.9 

(-15.0 

-16.8 

(-16.9) 

-18.5 

(-18.7) 

0  .AO 

-10.3 

(-10.3) 

-11.  1 
(-11.2) 

-11.9 

(—12.0) 

-13.2 

(-13.3) 

-14.9 
(-15.1 ) 

-16.6 

(-16.9) 

0.60 

-9.7 
(  -9.7) 

-10.3 
(-10 .4  ) 

-  1C.  F 
(-  1C. 9  ) 

-11.9 

(-12.1) 

-13.4 

(-13.7) 

-14.8 

(-15.2) 

0  .80 

-10.6 
(-10 .6) 

-11  .0 
(-11.1) 

-  1  1.4 
(-11.6) 

-  12.2 
(-12.5) 

-13.4 

(-13.9) 

-14.6 

(-15.2) 

1.00 

-12.2 

(-12.2! 

-12.5 

(-12.6) 

-12.8 

(-13.0 

-13.4 

(-13.7) 

-14.3 

(-14.8) 

-15.2 

(-15.9) 

1.20 

-13.9 

(-13.9) 

-14.1 

(-14.2) 

-  14.4 
(-14.5) 

-14.9 

(-15.2) 

-15.6 
(-16. 1 ) 

-16.3 

(-17.1) 

M-53 


static  SYST I M 

0AY/9O-Bf 6Ct NT  IL  F  l.MSC- B29U21H*- 111 

W  AV  F  LFNGTh=  f  .  6  37  (MICK(NS) 

7  F  N  I  T  H  ANGl  f  =  40  .  t  D  C  <">  .  > 


-?hbc= 

0.030  (MfiKO 

0.10 

0  .  J 1 ' 0 

1  0 . 0  o  0  ) 

0.019 
(  0  .  C  1  9  ) 

0.038 

(0.038) 

G.  076 
(0.077) 

0.  1  34 

(0.134) 

0.191 

(0.191) 

0  ,?c 

0.00? 

( r  ,oo? ) 

0.  C?  1 
(0.021 > 

0.040 

(0.040) 

0.078 
(  0.07  6  > 

0.136 

(0.135) 

0.19? 

(0.  1 92  ) 

0.30 

C  .00  6 
(0.006 ) 

0  .024 
(  O  .026  ) 

C  .  04  3 
( C  .043) 

C.  CB0 

(  0. CB1 ) 

0.137 

(0.136) 

0.193 

(0.195) 

O  .40 

C.012 

(O.012) 

C.C30 
(0  .(31  ) 

0.C49 
( C.C5C) 

0.086 
( C.087) 

C.  1  41 
(0.144) 

0. 157 
(0.200) 

0  .60 

0  .0  34 
(0  .034  1 

c.rsi 
( 0  .052  ) 

C.C69 
( 0.07C ) 

0.  1  04 
(  C. 107) 

0.168 

(0.162) 

0.21? 

(G. 218) 

0  .BO 

O.O06 

(0.O66) 

C  .082 
(  0 .083  ) 

C  .C5  8 
(0.101) 

0.132 
(  0.136) 

G.l  83 
(0.190) 

0. 235 
(0. 245  ) 

1  .00 

0 . 104 

(0.104) 

C.l  15 
( C. 120) 

C.134 
(  C. 137) 

C  .  1  6  5 
( C.172) 

0.213 

(0.224) 

0.  263 
(0. 277) 

1.20 

0.144 
(C.  144) 

0.158 

(C.160) 

C.172 
(  C. 176) 

C.  2C1 
( 0.209) 

0.246 
(  0.260) 

0.293 

(0.311) 

0 . 10 

-20.2 

(-20 .2 ) 

-22.3 

(-22.3) 

-24  .  C 

(-24. C) 

-26.9 

(-26.9) 

-30.  5 
( -30. 6 ) 

-3  3.7 
(-33.7) 

0.20 

-14.6 

(-14.6) 

-16.7 

(-16.7) 

-  IB. 4 
(-18.4) 

-21.2 

(-21.2) 

-2  4.8 
(-24.8) 

-2  8.0 

(-28.0) 

0.30 

-l  l  .  H 
(-1  1 .8  ) 

-13.7 

(- 13. P) 

-15.4 

(-15.4) 

-18.1 

(-18.2) 

-21.7 

(-21.8) 

-2  4.8 
(-24.9 ) 

0.40 

-10.3 

(-10.3) 

-12.2 

(-12.2) 

-12.7 

(-13.7) 

-16.4 
( -1 6. 4) 

-19.  8 
(-19.9) 

-22.8 
(-23.0  ) 

0  .60 

-9.7 
(  -9.7) 

-11.1 
(-11  .?  ) 

-12.4 

(-12.6) 

-14.5 

(-15.0 

-lfl.  n 
(-18.2) 

-2  0.9 

(-21.2) 

C  .BO 

-10.6 

(-10.6) 

-11.7 

(-11.R) 

-12.6 

(-12.0) 

-1  4. 5 
(-15.2) 

-17.7 

(-18.2) 

-20.5 

(-21.0) 

1  .0  0 

-12.2 

(-12.2) 

-13.1 

(-13.2) 

-14.0 

(-14.2) 

-15.8 
(  -  )  6  .  1  ) 

-18.3 

(-18.9) 

-2  0.8 

(-21.5) 

1.20 

-13.9 

(-13.9) 

-  14.7 
(-14.8) 

-  1  5.4 
(-15.7) 

-17.0 
(-1  7.4) 

-19.3 
( -20. 0) 

-2  1.6 
(-22.4 ) 

M-54 


LM  SC -B  29  02  00 -III 


TRACK  INC  SV5TFM 
PAV/qG-PtRC FNT  ILF 
WAVE  LFNCT  (-=  0  .637  (MICRONS) 
ZENITH  ANGLf=  G.  (OEG.) 
R.^[Pn=  0.039  (METER) 


0.30 

0.00  l 
(0.001) 

0 .  QC  9 
(  O.Ot-9  ) 

0.C17 
( 0.C17) 

o  o 

•  • 

o  o 

UJ 

0.067 

(0.069) 

0.081 

(0.084) 

0.60 

e.  004 
(0.004) 

0.010 

((.oil) 

0.C17 
(  0.C19) 

0.031 
( 0. G34) 

0.062 

(0.057) 

0.073 
(0.080 ) 

1 .00 

0.009 
(0.009 ) 

0.014 
( 0.015  I 

C.C19 
( C.C22 ) 

0. 029 
( C.034) 

0.046 

(0.054) 

0.061 
(0. 073) 

1.40 

0.017 

(0.017) 

0.02  1 
(0.022) 

0.024 
( O.C27) 

0.  C3  1 
( 0.037) 

0.043 

(0.053) 

0.055 

(0.069) 

1.80 

0.024 

(0.029) 

C.C31 

(0.032) 

0.C34 
( 0.036) 

0.039 
( 0.044) 

0.047 

(0.057) 

0.056 

(0.070) 

2. 30 

0.048 
(0.046 ) 

0.050 

(0.051) 

0.C52 
( 0.C54) 

0.C56 
( C. 060) 

0.06  2 
(0.070) 

0.068 

(0.080) 

2.90 

0  .  C  8  1 

(o.can 

0.082 
(0.083  > 

O.C83 

(0.C85) 

0.  086 
( 0.089) 

0.090 

(0.096) 

0.094 
(0. 104) 

3.50 

0.130 

(0.130) 

0.131 

(0.131) 

0.  132 
(C. 133) 

0.133 
(  C. 1 36) 

0.136 

(0.142) 

0.  140 
(0.147) 

0 .30 

-10.8 

(-10.8) 

-11.7 

(-11.7) 

-12.6 

(-12.6) 

-14.1 
(-14.2 ) 

-16.0 

(-16.1) 

-17.7 

(-17.9) 

0.60 

-5.2 
(  -5.2) 

-6.C 
(  -6.1 ) 

—  6.7 
(  — fc.9) 

-B.l 
(  -8.3) 

-9.7 

(-10.1) 

-11.3 
(-1  1  .B  ) 

1.00 

-1.9 
(  -1.9) 

-2.4 
(  -2.5) 

-2.9 
(  -3.1) 

-3.9 
(  -4.3) 

-5.2 
<  -5.9) 

-6.4 
(  -7.3) 

1  .40 

-0.3 
(  -0.3) 

-0.7 
(  -0.8) 

- 1 .  C 
(  -1.3) 

-1.7 
(  -2.2) 

-2.7 
(  -3.5) 

-3.6 
(  -4.7) 

1.80 

0.1 

*  o.l) 

-0.2 
(  -C.3) 

-0.4 
(  -C.6) 

-0.  8 
(  -1.3) 

-1.5 
(  -2.2) 

-2.2 
(  -3.2) 

2 .30 

-0.4 
(  -0.4) 

-0.5 
(  -0.6) 

-C.6 

(  -c.e> 

-0.9 
(  -1.3) 

-1.4 
(  -2.0) 

-1.8 
(  -2.7) 

2  .90 

-2.0 
(  -2.0) 

-2.1 
(  -2.1) 

-2.1 
(  -2.3) 

-2.3 
(  -2.6) 

-2.6 
(  -3.0) 

-2.9 
»  -3.5) 

3.50 

-4.8 
(  -4.8) 

-4.8 
(  -4.9) 

-4.9 
(  -5.0) 

-5.0 
(  -5.2) 

-5.  2 
(  -5.5) 

-5.3 
(  -5.8) 

M  -55 


1,M  6013290200-111 


T  HACK  (NO,  SYSTEM 
DAY/90-Pf Rf»NT  I  L  f 
WAVf  CFNGTH-  0.6  33  (MJ CHONS) 
7  C  N  IT  )’  ANGl  C=AC.  (  0  F  C. .  ) 
K_?(ttO=  0.030  T^FTtH) 


c  .  10 

0,001 
(0  .00  l  ) 

C.  020 
(C.02C) 

c .  c  3  r> 

(  0.C39) 

0.076 

(0.077) 

0.132 

(0.133) 

0.  1  89 

(G. 190) 

O  .  t>  0 

0 .00  4 
10.004) 

0,021 
(C.022 1 

0  .  C  3  5 
<  0.040) 

C.  074 
(  0.077) 

G.  1  28 
(G.132) 

0.182 
(  0 . 1 8  8  ) 

1  .00 

0.009 
(0.009  ) 

0.024 

(0.u?H 

C.C39 
(  C . C4  3  ) 

C.  C7C 
( C.077) 

0.  1  1  9 
(0.129) 

0.168 

(0.183) 

1  .HO 

0.011 

(0.017) 

G.03C 
(0.022  ) 

C.C42 
( 0.C47) 

0.069 
( 0.C75) 

0.111 

(0.127) 

0.  155 
(0. 177) 

l  .80 

0.029 

(0.029) 

0.039 

(0.042) 

0  .C49 
( 0.C55  > 

0.  071 
( C.083) 

0.107 

(0.127) 

0.145 

(0.173) 

?  .30 

0  .048 
(0.098 ) 

0.05fc 
( C  .060 1 

0.C64 
( C.C71) 

C.  C82 
( C. 095) 

0.111 

(0.133) 

0.143 

(0.174) 

2  .00 

0  .OBI 
(0.081) 

0  •  C  8  7 
(G  .090  > 

0.C9T 
(O.C95 1 

0.  1  06 

(0.119) 

0.128 

(0.151) 

0.154 
(0. 1 86) 

3.50 

0.130 
(0 .130  ) 

0.134 

(0.137) 

C.  135 
(0.144) 

0.144 

IC.16C! 

0.166 
(  0.187) 

0.  1  87 
(C.217) 

0.30 

-10. B 
(-10.8) 

-12 .8 
(-12.8) 

-  14.5 
(-14.5) 

-17.3 

(-17.4) 

-20.9 

(-21 .0) 

-24 . 1 
(-24.2) 

u  .  6 1  j 

-5.2 
{  -5.2) 

-7.1 
(  -7.2) 

-8.7 
(  -8.8) 

-11.4 

(-11.6) 

-14.9 
(-15.  1) 

-17.9 

(-18.2) 

l  .00 

-1.9 
(  -1.9) 

-3.4 
(  -3.6) 

-4.8 
(  -5.0 

-7.  1 
(  -7.6) 

-10.3 

(-11.0) 

-13.2 

(-13.9) 

1  .HO 

-0.3 
(  -0.3) 

-1.6 
(  -1.8) 

-2.6 
(  -3.0) 

-4.6 
(  -5.3) 

-7.5 
(  -8.4) 

-10.0 

(-11.2) 

1  .BO 

0.1 

(  0. 1  > 

-0.8 

(  -1.0) 

-  1 .6 
(  -2.1) 

-3.3 
(  -4.1) 

-5.7 
(  -6.9) 

-8.0 
(  -9.5) 

2.  30 

-0.  4 
(  -0.4) 

-1  .0 
(  -1.2) 

-  1  .6 
(  -2.0) 

-2.8 
(  -3.7) 

-4.  7 
(  -6.0) 

—6  •  6 
(  -8.3) 

2.90 

-2.0 
(  -2.0) 

-2.4 
(  -2.6) 

-2.8 
(  -3.2) 

-3.6 
(  -4.4) 

-5.0 
(  -6.3) 

-6.4 
(  -8.2) 

3.50 

-4.8 
(  -4.8) 

-5.0 
(  -5.21 

-5.3 

i  (  -5.6) 

-5,9 
(  -6.5) 

-6.9 
(  -8.0) 

-7.9 
(  -9.5) 

M  -so 


LM  SC -B  29  0200 -III 


S  T  AT  ir  SYST  EM 
NIGHT  /5  0-  PERC.  ENT  ILF 
WAVE  LENC.TH=  0.633  (MICRONS) 
7  E  N I T  H  ANGL  F=  0.  (OCG.) 

R-7  FR  0=  0.090  (MET  ER  ) 


0. 10 

0.000 

(0.000) 

0 .008 
(O.0C9 ) 

0.C17 

(0.017) 

C.  C 3  3 
(  C. 034  ) 

0.05  8 
(0.069) 

0.082 
(0.084  ) 

G  .20 

0.002 
(  0  .00  2  ) 

C  .  C 1  c 
(  0 . 0  1 C  ) 

0.C17 
(  C  .018) 

0.032 
( 0.034 ) 

0.  064 
(0.058) 

0.  077 
(0.C82  ) 

U  .30 

0.006 
( 0  .006  ) 

C.012 
(  C  .  C  1  3  I 

C.C18 
(  0.020) 

0.  C31 
( 0. C35) 

0.051 

(0.057) 

0.071 
(0.079  ) 

0  .40 

0.C12 

(0.012) 

C  .  C  1  7 
(C.G19) 

0.023 
(  0.025  ) 

0.0^3 
( 0.038) 

C.  050 
(0.058) 

0.067 

(0.079) 

0  .60 

0.034 
(0.034  ) 

0  .  C  3  7 
(  C  .  0  3  9  ) 

0. 041 
( C.C44) 

0.  C48 
( C. 054) 

0.060 

(0.070) 

0.072 

(0.087) 

0.80 

0.066 
(0.066 ) 

0 .068 
<  0.C69) 

0.C7C 
(  0.073  ) 

C.  076 
( 0.081 ) 

0.084 
(  0.093) 

0.093 
(0. 106  ) 

1  .00 

0.104 

(0.104) 

C.  ICS 
(  0 . 1 C  7  ) 

0. 1C7 
( C. 1C9) 

0.111 
( C. 116) 

0.117 

(0.125) 

0.123 
(0.135 ) 

1.20 

*  0.144 

(C. 144) 

0.145 

(0.146) 

0.147 
( 0. 149) 

0.  145 
(0.153) 

C.154 
(0.161 » 

0.159 
(0. 169) 

0. 1C 

-20.2 
(-20.2 ) 

-21.1 

(-21.1) 

-22.0 

(-22.0) 

-23.6 

(-23.6) 

-25.5 

(-25.6) 

-2  7.3 
(-27.4) 

0.20 

-14.6 

(-14.6) 

-15.5 

(-15.5) 

-16.2 
(-16.4 ) 

-17.7 

(-17.9) 

-19.5 

(-19.7) 

-21.1 

(-21.5) 

0.30 

-11.8 

(-11.8) 

-12.5 

(-12.6) 

-13.1 
(-13.3 ) 

-14.4 

(-14.7) 

-16.0 

(-16.4) 

-17.5 

(-18.1) 

0.40 

-10.3 

(-10.3) 

-10.9 
(-11 .G) 

-11.4 

(-11.7) 

-12.4 

(-12.8) 

-13.8 

(-14.4) 

-15.0 

(-15.9) 

0.60 

-9.7 
(  -9.7) 

-1C.0 

(-10.2) 

-1C. 3 
(-1C.6) 

-10.9 

(-11.4) 

-11.8 

(-12.5) 

-12.7 

(-13.7) 

0.80 

-10.6 

(-10.6) 

-  10.8 
(-10. 9) 

-1C. 9 
(-11.1) 

-11.3 

(-11.7) 

-11.9 

(-12.6) 

-12.5 

(-13.4) 

1.00 

-12.2 

(-12.2) 

-12.3 

(-12.4) 

-12.4 

(-12.6) 

-12.6 

(-12.9) 

-13.0 

(-13.5) 

-13.4 

(-14.1) 

1.20 

-13.9 

(-13.9) 

-14.0 
(-14.0  > 

-14.1 
(- 14.2 ) 

-14.2 

(-14.4) 

-14.5 

(-14.8) 

-14.7 

(-15.3) 

1.  ZO 


( 


LMSC-U290200- III 


STATIC  SYSTfM 
N  I  GHT  /  SO-PCHCTNT  II  K 
W  AV  fi  L  t'N  GT  h=  0.623  (MORONS) 
7CN1TH  AN6L)=4G.  (DIG.) 
K-7ERO=  0.069  ( H  f  T  CM  I 


0 . 10 

0  .One 

i  0  .  u  0  0  ) 

0.010 
t  C .0 10  ) 

0.  C3P 
( C.C38) 

0.  076 
(  C  .  0  76  ) 

0.132 

(0.133) 

0.  1 

( o. 190) 

0  .  20 

0 . 00? 
(0.002) 

0.020 
(1.021  ) 

O.C’B 
( 0.0 30 ) 

0.  C75 
(0.077) 

0.130 
(  C  .  1  i  3  ) 

0.  1  85 
(0. 1 8 9  ) 

C  .30 

0.006 
( C  .006  ) 

(.023 
(0.024  ) 

0.  C4C 
(  C. C42  ) 

0.0  74 
(0.078) 

0.127 

(0.133) 

0.  180 

(0.188) 

0 . 4  u 

0 . 0  1  2 
(  0  .  C  1  2  ) 

C.0  28 
(0.C29) 

0.C43 
( 0.C47 ) 

C.  C75 

(  0. 081 ) 

0.125 

(0.134) 

0.  1  76 
(0.  1«B  ) 

0  .6  0 

0.0  34 
( 0  .034  ) 

C.  G46 
(  0  .  u  4  9  1 

0.C59 
( C. C64  ) 

0.086 
( 0.C96I 

0.128 
(0. 144) 

0.  173 
(0. 194) 

U  .80 

0 . 066 
(0  .066  > 

0.075 
(0.070  ) 

O.C  86 
( C.CS2  ) 

0.  1C7 
( C. 120) 

0.  1  42 
(0.163) 

0.180 
(G. 209  ) 

1.00 

0-104 
(0 . 104  ) 

0.111 

(0.115) 

C.  120 
( C. 126) 

0.  137 
(0.150) 

0.166 

(0.188) 

0.  198 
(0.229) 

1.20 

0.144 

(0.144) 

C.  1  50 
10.153) 

0.157 
( C.  163 ) 

0.171 

(0.184) 

0.194 

(0.217) 

0.  221 
(0. 254 ) 

6.10 

-20.2 

(-20.2) 

-22.2 
(-22.3  ) 

-24.0 

(-24.0 

-26.8 

(-26.9) 

1  1 

o  o 

•  • 

Or  vji 

-3  3.6 
(-33.7) 

C.2C 

-14.6 

(-14.6) 

-16.6 

(-16.61 

-16.2 

(-18.3) 

-21.  C 
(-21.1) 

-24.5 
(  -24.7) 

-2  7.6 
(-27.8) 

0  .70 

-11.8 

(-11.8) 

-13.6 

(-13.7) 

-15.1 

(-15.3) 

-17.7 

(-18.0) 

-21 . 1 
(-21.5) 

-2  4.1 

(-24.5) 

0 . 40 

-10.3 

(-10.3) 

-11.9 

(-12.1) 

-  12.2 
(-12.5) 

-15.6 
( -16. C) 

-18.3 

(-19.4) 

-21.7 

(-22.4) 

0  .60 

-9.7 
(  -9.7) 

-10.8 

(-11.0) 

-11.7 
(-12.1  ) 

-13.6 

(-14.3) 

-16.3 

(-17.2) 

-18.8 

(-20.0) 

0.80 

-10.6 
(-10.6 ) 

-11.3 

(-11.5) 

-12. C 
(-12.5) 

-13.4 

(-14.2) 

-15.5 

(-16.7) 

-17.6 
(-19.1  ) 

1.00 

-12.2 
(-12.2 ) 

-12.7 

(-12.9) 

-12.2 
(-13.6 ) 

-14.2 

(-14.5) 

-15.8 

(-17.0) 

-17.5 

(-19.1) 

1. 20 

-4l  3 . 9 

(-13.9  ) 

-14.3 

(-14.4) 

-14.6 

(-  15.C) 

-15.4 
(  -1 6. 1  ) 

-16.7 

(-17.8) 

-1  3.0 
(-19.7) 

M-58 


LMSC-D2U0^00-III 


TRACKING  SVSTtM 
N  lGMt  /  5  0  -  P  E  R  C  E  N  T  ILE 
WAVE  LENC.TH=  0.633  (MICRONS) 
ZINlTH  ANGLE*  0.  (DEC. I 
R-  Z  E  R  0=  0.09U  (METER) 


U  .30 

0.001 
(0.00  1  ) 

C.  0C7 
(  o  .OOP  ) 

0.019 

(0.016) 

0.026 
(  C. 030) 

0.096 
(  0.052) 

0.  C66 
(0. 075  > 

0.60 

0 . 0  0  A 
<0.009 ) 

0.0C7 

(0.009) 

0.011 

(0.019) 

C.  Cl  8 
( 0. 029) 

0.930 
( 0.090) 

0.09? 
(0.057  ) 

1  .00 

0.009 
(0  .009 ) 

C.01  1 
(C.012) 

0.  C13 
(0.015) 

0.016 
(0.021  ) 

0.022 
( 0.031  ) 

0.  029 
<0.091  ) 

1  .AO 

0.017 
(0.017 ) 

0.018 

(0.019) 

0.C15 

(C.C21) 

0.  C21 
( 0.029) 

0.025 

(0.030) 

0.028 

(0.037) 

1  .80 

0.029 

(0.029) 

C.029 

(0.030 

0.030 
(0.031 ) 

0.  031 
( 0.033) 

0.033 

(0.037) 

0.036 
(0.092 ) 

2.30 

0 . 0  A  8 
(U  .0A8  ) 

0.CA8 
( 0.099 ) 

C.  C95 
(  0.050 

0.050 
( 0. 052) 

0.051 

(0.059) 

0.053 

(0.057) 

2.90 

0.08  1 
(0.081) 

O.OEl 
(0.081 ) 

0.C81 
( 0  .082  ) 

0.  082 
(0.083) 

0.  083 
( 0.085) 

0.089 

(0.086) 

3.50 

0.130 

(0.130) 

0.130 

(0.130) 

C.  13C 
(C.131) 

0.131 
<  C.  131) 

0.131 

(0.132) 

0.132 

(0.139) 

0 . 30 

-10.8 

(-10.8) 

-11.5 

(-11.6) 

-12.2 
(  —  12.9) 

-13.5 

(-13.8) 

-15.1 

(-15.6) 

-16.6 

(-17.3) 

0  .60 

-5.2 
(  -5.2) 

-5.6 
(  -5.8) 

—  €  .  1 
(  -6.9) 

-6.8 
(  -7.9) 

-3.0 
(  -8.8) 

-9.0 
(-10.1  ) 

1.00 

-1.9 
(  -1.9) 

-2.1 
(  -2.2) 

-2.2 

(  -2.5) 

-2.6 
(  -3.1) 

-3.2 
(  -9.0) 

-3.9 
(  -9.9) 

1  .AO 

-0.3 
(  -0.3) 

-  0  .  A 
(  -0.5) 

-C.5 
(  -0.7) 

-0.7 
(  -1,1) 

-1  .  1 
(  -1.7) 

-1.5 
(  -2.2) 

1.80 

0.1 

(  0. 1 ) 

0  .0 

(  -0.1) 

-0.1 
(  -0.2) 

-C.2 
(  -0.9) 

-0.9 
(  -0.7) 

-0.6 
(  -1.0) 

2.30 

-0  .  A 
(  -0  .  A  ) 

-C.  A 

(  -0.9) 

-  C  .  A 

(  -C.5) 

-0.5 
(  -0.6) 

-0.6 
(  -0.8) 

-0.7 
(  -1.0) 

2.90 

-2  .0 
(  -2.0) 

-2.0 
(  -2.0) 

-2.0 
(  -2.0) 

-2.0 
(  -2.1) 

-2.1 
(  -2.2) 

-2.2 
(  -2.9) 

3.50 

-9.8 
(  -9.8) 

-A.  8 
(  -9.8) 

-9.8 
(  -9.8) 

-9.8 
(  -9.9) 

-A.  9 
(  -A. 9) 

-9.9 
(  -5.0) 

M-59 


Tl-ACKlM;  SYSTfM 

N  I  GMT  /  5  0  -  P  F.  R  C  t  N  1  IF  C  |,MS('-lt^,)(rMi|i  111 

WAVF  LFM.TH-  0  (MICRONS) 

Z  F  N  11  H  ANr.lUAO.  I  ore. ) 

P-ZFKC=  0  .  009  (  M  (  T  F  R  ) 


0 . 30 

0.001 

(0.0011 

0  .0  18 

(0. Cl  9) 

0.039 
<  0  .  C  3  7  1 

C.  CftS 
(  0.0771 

0.122 
(  0. 1 2  H ) 

0  .  17  5 
<  0  .  1  *  3  I 

0  .60 

0 .004 
(0.0041 

C  .  C  1  6 
(0.0191 

C.C29 
(  0.034) 

0.0  5ft 
(  C. Cftft  1 

0.098 

(0.114) 

0.143 

(0.  1  (.4  1 

1  .00 

0.009 
(0.009 1 

C.C17 

( C.020  1 

O.C25 

(O.C221 

C.  C42 
( C. 0551 

0.071 
(0.094 1 

0.  103 

(0.135) 

1.40 

0 .0  1  7 

(  C  .  0  1  7  ) 

C.C22 
(O.025  1 

C.C27 
(  0.033  1 

0.039 

( 0.051  1 

0.  C5H 
(0.080) 

0,081 

(0.11?) 

1 .80 

0.029 
(0.029 1 

0.032 
(0.034  1 

O.C35 
( C.04C1 

C.  C43 
(  0.053  1 

0.05  7 
( 0.075  1 

0.073 

(0.100) 

2.30 

0.048 
( 0.048 1 

0.051 

(0.0521 

O.C53 
( 0.C57) 

0.  C  5  P 
( 0.0ft 61 

0.067 
(0.082 1 

0.078 

(0.1001 

2.90 

0.001 
(0.081 1 

0  .  C  £  2 
(0.0841 

0.C84 
(  0 .  C  8  ft  1 

0.  CR7 
( 0.C93) 

0.093 
(  0. 1 04  1 

0.  101 
(0.1171 

3.90 

o.  no 

(0.1301 

C.  131 
(0.1321 

0.122 

(C.1341 

0.  134 

(0.138) 

C.139 

(0.147) 

0.144 
(0. 1 5ft  1 

0 . 30 

-10.8 

(-10.81 

-12. ft 
(-12.7) 

-14.2 

(-14.4) 

-16.9 
(-1 7.  1  ) 

-20.3 

(-20.7) 

-2  3.4 
(-23.8  ) 

0.60 

-5 . 2 

(  -5.2) 

-  6.6 

(  -6.9) 

-7.9 

(  -8.4) 

-10.1 

1-10.8) 

-13.1 

(-14.1) 

-15.7 

(-16.9) 

1  .00 

-1  .9 
(  -1.9) 

-2.7 

(  -3.01 

-3.5 
(  -4.1) 

-5.C 
(  -ft.C) 

-7.2 
(  -8.7) 

-9.4 

(-11.3) 

1.40 

-0.3 
(  -0.3) 

-0.8 
(  -1.1) 

-  1  .4 
(  -1.9) 

-2.3 
(  -3.3) 

-3.8 
(  -5.4) 

-5.5 
(  -7.5) 

1  .80 

0 . 1 

(  0.1) 

-C.2 

(  -0.4) 

-C.5 
(  -C.9) 

-1.2 
<  -1.9) 

-2 . 2 

(  -3.5) 

-3.4 
(  -5.3) 

2 . 30 

-0.4 
(  -0.4) 

-0.5 
(  -0.71 

-C.7 
(  -1.0) 

-1.1 
(  -1.7) 

-1.8 
l  -2.8) 

-2.6 
l  -4.1) 

2  .90 

-2.0 

(  -2.0) 

-2.1 
(  -2.2) 

-2.2 
(  -2.4) 

-2.4 
(  -2.8) 

-2.0 
(  -3.5) 

-3.3 
(  -4.3) 

3.80 

-4.8 

(  -4.8) 

-4.8 
(  -4.9) 

-4.9 

(  -5.0) 

-5.  C 
(  -5.3) 

-5.3 
(  -5.7) 

-5.6 
(  -6.3) 

M-6(I 
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6  I  A  1  1C  SYSI  i  M 

N  IGHT/90-PE RCFNT  IL  E 

WAVE  L  ENGT  h=  0.633  (MICRONS) 

ZENITH  ANCl  E  =  0.  (OtC.I 

R-ZE  H0=  0.06?  (METER) 


0 . 10 

0.000 
(0  .000  ) 

0.0C9 
(O.OC  9) 

0.C1  7 
( C. C17) 

0.  C34 
( 0.034) 

0.059 

(0.059) 

0.  084 
(0.084  ) 

0.20 

0.00? 

(0.00?) 

0.0  10 
(  0 .  G  1  C  ) 

0.018 

(0.019) 

0.  034 
(0.035) 

0 . 0.5  8 
(0.060) 

0.082 
(0.085  ) 

0 . 30 

0.006 
(0  .006 ) 

0.013 
( 0.014  ) 

C.C2C 
( C.021 ) 

0.035 
( 0. C37) 

0.057 
( 0.061 ) 

0.080 
(0. 085  ) 

0.40 

0.012 

<0.012 ) 

0  .019 
l  C.02C ) 

0.025 
( O.C27 ) 

0.  C 3 8 
( C. 042) 

0.059 
(  0.065  > 

0.080 
(0. 088 ) 

0  .60 

0.034 

(0.034) 

C.  C39 
(0.04C) 

0.044 
( C. 047 ) 

0.055 
( 0.060) 

0.  071 
( O.OSO) 

0.088 
(0. 100) 

0.80 

0.066 
(0.066  ) 

0.  C69 
(0.071 ) 

C.C73 

(0.076) 

0.082 
l  0.  087) 

0.094 

(0.104) 

0.  108 
(0.  122  ) 

1.00 

0.104 

(0.104) 

C.  107 
(C. 1 C  R 1 

0.110 

(0.113) 

0.116 
(  0.122) 

0.126 

(0.136) 

0.137 
(0.  151 > 

1.20 

0.  144 
(0.144) 

0.146 

(0.148) 

0.148 
( C. 152) 

C.  154 
( 0.158) 

0.162 
(  0.171  ) 

0.  170 
(0. 184) 

0 . 10 

-20.2 

(-20.2) 

-21  .1 
(-21 . 1  ) 

-22.  C 
(-22.0) 

-23.6 

(-23.7) 

-25.6 

(-25.6) 

-27.4 

1-27.5) 

0.20 

-14.6 
(-14.6 ) 

-15.5 

(-15.6) 

-16.4 

(-16.4) 

-17.8 
(-1 8. C) 

-19. 8 
(-19.9) 

-21.5 

(-21.7) 

0.30 

-11.8 

(-11.8) 

-12.6 

(-12.6) 

-  13.3 
(-13.4) 

-14.  7 
(-14.9) 

-16.5 

(-16.7) 

-18.1 

(-18.5) 

0.40 

-10.3 

(-10.3) 

-11 .0 
(-11.1) 

-11.7 

(-11.9) 

-12.9 
(-13.1 ) 

-14.4 
< -14.9) 

-15.9 

(-16.5) 

0.60 

-9.7 
(  -9.7) 

-  10.2 
(-10.35 

-  1C.  6 
(-  10.8 ) 

-11.4 

(-11.8) 

-12.6 
(-13. ?) 

-13.8 
( -14.6  > 

0  .80 

-10.6 
(-i0 .6  ) 

-10.9 

(-11.0 

-11.2 

(-11.4) 

-11.7 

(-12.1) 

-12.6 

(-13.3) 

-13.5 

(-14.3) 

1.00 

-12.2 

(-12.2) 

-  12.4 
(-12.5) 

-12.6 

(-12.7) 

-13.0 

(-13-3) 

-13.5 
(-14. 1 ) 

-14.2 
(-15.0 ) 

1.20 

-13.9 

(-13.9) 

-14.  C 
(-14.1) 

-14.2 

(-14.3) 

-14.5 

(-14.7) 

-14.9 

(-15.4) 

-15.4 
(-16.1 ) 

1.20 


LMSO-H2Hi>i!0(>-Ill 


G  .10 

0.000 

(0.0001 

0.019 

(0.019) 

0.G3P 
(  0  •  C  3  8  ) 

0.C76 

(0.076) 

C.  1  33 

(0.134) 

0 .  1  9  0 
(0. 1 91) 

0 .20 

0.002 

(0.00?) 

C.021 

(0.C21 ) 

0.C39 
(  C.C40) 

0.077 
(  u. 07  8) 

0.133 

(0.134) 

0.  1  89 

(0.191) 

c .  oc 

C  .006 
( 0.006 1 

0  .0  24 
(0 .024  ) 

C.C4? 

(0.043) 

0.  C7fi 
( C. 080) 

C.  133 
( C. 1 36) 

0.  188 
(0. 192  ) 

C  .->0 

0.012 
(0  .0  1?  1 

0.029 
( G.C3C) 

C.  C47 

1 C.C46) 

0.08  2 
(0.085) 

0.135 

(0.140) 

0.  189 
(0. 196) 

0.60 

0 .034 
(0  .036 ) 

C.C49 

(0-061) 

0.  C65 
( 0.C6R) 

0.  C56 
( 0. 1C3) 

0.  146 

(0.156) 

0.196 

(0.209) 

0.80 

0.066 
(0.066  1 

C.  C79 

(c.oen 

C.C52 
(  C  .  C  9  7  ) 

0.121 

(0.130) 

0.165 

(0.179) 

0.211 
(0. 231  ) 

1. 00 

C  .  106 
(C.  106  1 

C  .  1  l  5 
(0.118) 

0.127 
( C.  122) 

0.151 
(  C.  162) 

0.190 

(0.209) 

0.232 

(0.257) 

1.20 

0.164 

(0.1461 

0.154 

(0.157) 

C.  164 
(  0.170) 

0.185 
(  0.197) 

C.219 

(0.240) 

0. 2  57 
(0.285) 

o.io 

-20.2 

(-20.2) 

-22.3 
(-22.3  ) 

-24.  C 
(-24.0) 

-26.9 

(-26.9) 

-30.5 

(-30.5) 

-3  3.7 
(-73.7) 

0.20 

-16.6 

(-16.6) 

-  16.6 

(-16.7) 

-18.3 

(-18.4) 

-21.1 
(-21.2 ) 

-24.7 

(-24.8) 

-2  7.8 
(-27.9) 

0.80 

-11.8 

(-11.8) 

-13.7 

(-13.7) 

-15.3 

(-15.4) 

-18. C 
(-18.1) 

-21.5 

(-21.7) 

-24.5 

(-24.8) 

0.40 

-10.3 
(-10. 3) 

-12.1 

(-12.2) 

-13.5 

(-13.6) 

-16.1 

(-16.3) 

-19.4 

(-19.7) 

-22.4 

(-22.8) 

C  .60 

-9.7 
(  -9.7) 

-11.0 

(-11.1) 

-12.1 

(-12.4) 

-14.4 

(-14.8) 

-17.3 
( -17.9) 

-20.1 
(-20.8 ) 

0 .8'1 

-10.6 

(-10.6) 

-11.5 

(-11.7) 

-12.5 

(-12.8) 

-14.2 

(-14.8) 

-16.8 

(-17.6) 

-19.2 
(-20.2  ) 

1.00 

-12.2 

(-12.2) 

-12.5 

(-13.1) 

-13.6 

1-13.9) 

-15.0 

(-15.6) 

-17.  1 
(-18.1) 

-19.3 
(-20.5  ) 

1.20 

-13.9 

(-13.9) 

-14  .4  -15.0 

l  (-14.6)  (-15.31 

-16.1 

(-16.8) 

-17.9 
( -19.0) 

-19.8 
(-21.2 ) 

M-62 
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T  RACK  1  NT,  SYS  T  CM 
N  1GHT  /90-PERCFNT  ILL 
WAVE  LENGTH=  0.633  (MICRONS) 
7FNITH  ANCLE=  0.  (DEG.) 
R-ZFRO=  C.062  (METER) 


LMSC-B290200-III 


U  .  30 

C  .00  1 
(U .00  1  1 

O.OOE 
( 0.009 ) 

C.  C  16 
(0.C17) 

0.  030 
( 0. 03?) 

0.053 
(0.056 ) 

0.075 

(0.080) 

0  .GO 

0.004 
(0.004 ) 

0.009 

(C.C10) 

0.014 

(0.017) 

0.  025 
(  C.  030 

0.04  1 
(0.049) 

0.058 

(0.070) 

1  .00 

0.009 
(0.009 ) 

C.C12 

(0.014) 

0.  C15 
(  0.  C 1 R  > 

0.021 
(  0.  02  7) 

0.031 

(0.042) 

0.  042 
(0.057) 

1.40 

0.017 

(0.017) 

0.C19 

(0.C20) 

0.021 
<  C.C22) 

0.  025 
( C. 030) 

C.  031 
(  0. 0401 

0.038 
(0.050  > 

1  .BO 

0.029 
(0.029  ) 

0.  C3C 
(0.031) 

0.  C31 
(0.C33) 

0. 034 
(0. C37 ) 

0.  038 
(0.045 1 

0.042 

(0.052) 

2.30 

0.046 
(0.048  ) 

0.C49 

(0.050) 

C.  C5C 
(0.051 ) 

C.  C5? 

(  0.  055) 

C.  055 
( 0.060) 

0.058 
(0.065 ) 

2  .SO 

O.OBl 
(0  .081  ) 

o.cei 
(0.082 ) 

0.CP2 
( 0.C83 ) 

0.083 

(0.085) 

0.  085 
(0.088) 

0.  087 
(0.092) 

3.50 

0.130 

(0.130) 

0.130 
(0.131 ) 

0.  131 
(0.131) 

0.  1  31 

(0.173) 

0.133 

(0.135) 

0.  134 
(0.  138) 

0.30 

-10. 6 
(-10.8) 

-11.6 

(-11.7) 

-12.4 

(-12.5) 

-  13.9 
(-14.0 

-15.6 

(-15.9) 

-17.3 
1-1  7.6) 

0.60 

-5.2 
(  -5.2) 

-5.6 
(  -6.0 

-  6.4 
(  -6.7) 

-7.5 
(  -8.0 

(  -9.6) 

-10.2 

(-11.1) 

1  .00 

-1.9 
(  -1.9) 

-2.2 
(  -2.3) 

-2.5 
(  -2.B) 

-3.1 
(  -3.7) 

-4.1 
(  -4.9) 

-5.0 
(  -6.1) 

1  .40 

-0.3 
(  -0.3) 

-0.5 
(  -0.6) 

-C.7 
(  -C.9) 

-1.1 
(  -1.6) 

-1.7 
(  -2.4) 

-2.3 
(  -3.3) 

1.60 

0. 1 

(  0.1) 

-0.1 
(  -0.11 

-0.2 

(  -0.3) 

-0.4 
(  -0.7) 

-0.7 
(  -1.3) 

-l.l 
(  -1.9) 

2.30 

-0.4 
(  -0.4) 

-C.4 
(  -C.5) 

—  C  .  5 
(  -C.6) 

-0.6 
(  -0.8) 

-0.8 
(  -1.2) 

-1.1 
(  -1.6) 

2.90 

-2.0 
(  -2.0) 

-2.0 
(  -2.0) 

-2.0 
(  -  2.1 ) 

-2.1 
(  -2.3) 

-2.2 
(  -2.5) 

-2.4 
<  -2.7) 

3.50 

-4.8 
(  -4.8) 

-4.8 
(  -4.8) 

-4.e 
(  -4.5) 

-4.9 
(  -5.0) 

-4.9 
(  -5.1) 

-5.0 
(  -5.2) 

M-G3 
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T  R/1CK  INC  SYST  f-M 
M GHT/ 90-886 O^NT  IL  i 

wav(-  v.rN<;Tn=  o.<  n  (microns) 

MKITH  fiNGI  f  =  40  •  (OCC..1 
_  2  t-  w  U  -  0  . 0  4 7  (  M  (  T  C  R  ) 


C.CCl  0.(1 1*1 
(C.uOtl  (C.02CI 


0.004  O.Cir 

(O.OO'i  )  (0.G21) 


1.(0 

0.009 

(o.ocn) 

0.02C 

(0.023) 

1  .40 

0.017 
( 0  .017 ) 

O.C25 

(0.029) 

1.80 

C.079 

(0.024) 

0.035 

(0.038) 

2.30 

0.048 
(0  .048  ) 

C.  C53 
(0.056 ) 

2.90 

0.081 

(0 .08  1  ) 

0.084 

(O.Ofcfc) 

3.5  0 

0.130 

(0.130) 

C.132 

(0.134) 

0.30 

-10.8 
(-10. ft) 

-12.7 

(-12.6) 

0  .60 

-5.2 

(  -5.2) 

-  6.9 

(  -7.1  ) 

1.00 

-1.9 
(  -1.9) 

-3.0 
(  -3.31 

1.40 

-0.3 
(  -0.3) 

-1.2 
(  -1.5) 

1.80 

0.1 

(  o.l) 

-0.5 
(  -0.7) 

2 . 30 

-0.4 
(  -0.4) 

-0.7 
l  -0.9) 

0.037 
( 0,038) 

0.073 

(0.075) 

0.128 

(0.131) 

0.C35 
( C.C38) 

Q.  C66 
t  C.  07  3 ' 

0.115 

(0.125) 

0.0:2 
( C.C3P) 

0.  C57 
(0.063) 

0.096 

(0.114) 

C.C34 
( C.04C) 

0.052 
[ C.065) 

0.08? 

(0.104) 

0  1  C  4 1 
( 0.047 ) 

C.  C54 
( 0. 067) 

0.077 

(0.100) 

0.  C  57 
( C.C62) 

0.067 
( C.078) 

0.083 

(0.103) 

C.C87 
( 0.C911 

0.C93 

(0.102) 

0.105 

(0.122) 

C.  134 
(C.137) 

0.139 
( 0.1461 

0.147 
(0.161  ) 

-14.4 

(-14.6) 

-17.2 

(-17.31 

-20.7 
(-20. 9) 

-8.4 

(  -  e .  n 

-  LO.  8 
(-11.3) 

-14.  1 
( -14.7) 

-4.2 
(  -4.6) 

-6.1 
(  -6.5) 

-8.9 

(-10.0) 

-1.9 

(  -2.5) 

-3.4 
(  -4.4) 

-5.6 
(  -7.1) 

-  1  .c 

t  -1.5) 

-2.C 
(  -3.0) 

-3.7 
(  -5.2) 

-  1 .0 

1  (  -1.4) 

-1.7 
(  -2.5) 

-2.9 

1  -4.3) 

n.  t  ft 4 

(  C  .  1  H  R  » 

0.  166 
(G.  1  79  ) 

0.  1  3  7 

(0.162) 

0.115 

(0.146) 

0.103 

(0.136) 

0.  103 

(0.1321 

o.  no 

(0. 144  ) 

0.168 

(0.179) 


-2  3.8 

(-24.0) 

-17.0 

(-17.7) 

-11.4 

(-12.8) 

-7.7 
1  -9.S) 

-5.5 
(  -7.4) 

-4.7 

(  -6,0) 


2.9C 

3.50 


-2.0 
l  -? .0  ) 

-4.8 
(  -4.B1 


-2.2 

(  -2.3) 

-4.9 
(  -5.0) 


-2.4 

(  -2.7) 

-5.0 
(  -5.2) 


-2.  P 

(  -3.4) 

-6.3 

(  -5.7) 


-3.6 
(  -4.6) 

-5.8 

l  -6.6) 


-4.4 
(  -5.9) 

-6.4 
(  -7.5) 


M  -  04 
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STATIC  SYST f  M 
DAY/50-PIKCFNT  ILF 
WAVF  L  F  N  G  T  6  =  1.060  (MICP0NS) 

/FNITH  ANGLO  0.  (nfG.l 
R-ZERG=  0.108  (MLTCIU 


0.10 

0.000 
(0.000  ) 

0 .00  4 
(0.C05 ) 

o.  cc  s 

( O.CCS ) 

C.  U1  8 
(  0.  01 5) 

0  .  *  3  3 

1  0. 032) 

0.045 
(0.  04,6  ) 

O 

■ 

c.oo? 

(0.002) 

C.0C6 
(  0.0C7  ) 

0.0  10 

(0.011) 

0.015 
( 0.020) 

0.031 
(0.033  ) 

0.  044 
(0. 046  ) 

0 . 30 

0  .006 
( 0.006  ) 

0.0C5 

(0.010) 

0.013 

(0.014) 

C.02C 
( 0.C22) 

0.031 

(0.034) 

0.042 
(0.046  ) 

c 

• 

O 

0.0  l? 
(0.012) 

0.015 
(  0.016  ) 

o.cie 

( C. C2C) 

0.  024 
( 0.027) 

0.034 

(0.038) 

0.043 
(0.  049  ) 

0  .60 

0.03a 

(0.034) 

C.  036 
(0.037) 

0.  C38 
( 0.C40) 

0.042 
(  0.  046) 

0.040 
( 0.055  ) 

0.056 
(0.064  ) 

0.80 

0.066 

(0.066) 

C  .067 
(0.C68) 

0.C69 
(0.070  ) 

0.  072 
( 0.075) 

C.  076 
( 0.082) 

0.08  1 
(0.089) 

1  .00 

0. 104 
(0.104) 

C  .  1C5 
(C. 105  ) 

C.  106 
( C. 1C7 ) 

0.  108 

(0.111) 

0.111 
( C.l 16) 

0.115 
(0. 122) 

1. 20 

0.144 

(0.144) 

C.  145 
(0.146.  1 

C.  1  46 
(0.147) 

0.  147 
(  C.15C) 

0.150 
( 0.154) 

0.  153 
(0. 159) 

0 .10 

-20.2 

-2C.7 

-21.2 

-22.2 

-23.5 

-24.6 

(-20 .2  ) 

(-20.7) 

(-21.2) 

(-22.2) 

(-23,5) 

(-24.6) 

~or2o 

- =-I4  +  & 

-15.1 

-15.6 

-16.4 

-17.6 

-18.7 

(-14.6) 

(  -  1  5  m 

-1—15^-64- 

-1-L6.5) 

(-17.8) 

(-18.9 ) 

0  .30 

-11.8 

-12.2 

-12.6 

-13.3 

-14.4 

-15.3 

(-11.8) 

(-12.2 ) 

(-12.7) 

(-13.5) 

(-14.7) 

( -15.6) 

O 

» 

.t* 

O 

-10.3 

-1C. 7 

-11. C 

-11.6 

-12.5 

-13.2 

(-10.3) 

(-10.7) 

(-11.1) 

(-11.8) 

(  -12.8) 

(-13.7) 

0.60 

-9.7 

-9.9 

-10.1 

-10.4 

-11.0 

-11.5 

(  -9.7) 

(-10.0 

(-1C.2 ) 

(-10.7) 

(-11.4) 

(-12.1  ) 

0.80 

-10.6 

-  1C.  7 

-1C.  P 

-1 1  .  C 

-11  .4 

-11.7 

(-19.6) 

(-  10 .8  ) 

(-10.5) 

(-11.2) 

(-11.7) 

(-12.2) 

1.C0 

-12.2 

-12.3 

-12.3 

-12.5 

-12.7 

-12.9 

(-12.2  ) 

(-12.3) 

(-12.4) 

(-12.6) 

(-13.0) 

(-13.3) 

1.20 

-13.9 

-  14. C 

-14.0 

-14.1 

-14.2 

-14.4 

(-13.9) 

(-14.0) 

(-14.1) 

(-14.2) 

(-14.5) 

(-14.7) 
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STATIC  SYSTEM 

OAY/'jO-PI-PCLNT  ll  T  LMSC-B290200-II1 

WAVF  l  T  NOT  H=  1.060  (MICRONS) 

ZFNITH  AN  CL  L  =  40  .  (OtO.) 

R-7ERO=  0,083  (MFTCR  ) 


c 

c 

f'.OOc 
( 0.000 ) 

0  .  C 1  1 
(C..G11  ) 

C.021 

(0.021) 

0.042 
(0.042  ) 

0.073 
( 0.073 ) 

0.  104 

(0.104) 

3  •  ?  ti 

0.002 

(0.002) 

0.0  l? 

(  C  .  C  1 2  I 

0 .  C  2  2 
(  0.022  ) 

0.  C4? 

( 0. C43) 

0.072 

(0.074) 

0.103 
(0. 105  ) 

0.30 

0.006 
(0.006 ) 

0.C15 
(  0  .  C  1 6  ) 

C  .  C25 
(0.C26) 

0.043 
( 0.045) 

0.  072 
(0.075) 

0.  101 
(0. 106) 

o 

• 

c 

0.0  1  2 

(0.012) 

C.C2  1 
( 0.02? 1 

0.  C2C 

(0.021 ) 

0.  C47 
(  C.  050 

0.074 

(0.079) 

0.  102 
(0.  109) 

0 .60 

C.  034 
(0.034) 

0.04  1 
(0.042) 

0.048 
( C.C51 ) 

0.063 
( 0. 068 ) 

0.  C 86 
(0.095) 

0.110 
(0. 1 22  ) 

U  .80 

0.066 
(0.066  ) 

0.07  1 
(0.073 ) 

C.077 
(0.C81 ) 

C.  C85 
(  G. C9fei 

0.108 

(0.120) 

0.  128 

(0. 144) 

1.00 

0.  104 
(0.104) 

c.  ice 
(  C .  1 1  C  ) 

C.113 
(  C.l  17  ) 

0.123 
(  0. 130 

0.138 

(0.151) 

0.155 
(0.172 ) 

1.20 

0.144 

(0.144) 

C.14E 

(C.15C) 

C.  152 
(0.155) 

0.160 

(0.167) 

0.172 

(0.185) 

0.  186 
(0.204) 

0.10 

-20.2 

(-20.2) 

-21.4 
(-21 .4  1 

-22.4 

(-22.4) 

-24.  3 

(-24.3) 

-26.6 

(-26.7) 

-2  8.8 
(-28.8) 

0.20 

-14.6 

(-14.6) 

-15.8 

(-15.8) 

-lt.e 
(-16. F) 

-1  8. 6 

(-1 8.6) 

-20.8 

(-20.91 

-2  2.9 
(-23.0 ) 

0.30 

-11.8 
(-11  .8) 

-12.6 

(-12.9) 

-13.8 

(-13.9) 

-15.4 

(-15.6) 

-17.6 
(-17.  8) 

-19.6 

(-19.8) 

C 

<r 

• 

o 

-10.3 

(-10.3) 

-il  .2 
(-11.3) 

-12.1 

(-12.31 

-  13.6 
(-13.8) 

-15.6 

(-15.9) 

-17.4 

(-17.9) 

0.60 

-9.7 
<  -9.7) 

-10.3 
(-10.4 ) 

-  1C. 5 
(-11.1) 

-12.  C 
(-12.4) 

-13.7 

(-14.3) 

-15.2 

(-15.9) 

O 

CO 

• 

o 

-10.6 

(-10.61 

-11  .C 
(-11.1) 

-11.4 

(-11.7) 

-12.  3 
(-12.7) 

-13.5 

(-14.2) 

-14.7 

(-15.6) 

1  .00 

-12.2 

(-12.2) 

-12.5 

(-12.6) 

-12.8 

(-13.0) 

-13.4 
(-13. 8) 

-14.3 

(-15.0) 

-15.2 
(-16.2 ) 

1.20 

-13.9 
(-13.9  ) 

-14.1 

(-14.2) 

-14.3 

(-14.5) 

-14.  B 
(-15.2) 

-15.5 

(-16.1) 

-16.2 

(-17.1) 
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T  I-  At'  K  l  NT.  SYSTEM 

UAY/50-PI  UCFnT  11  E  LMSC-B29O'J0(i-ITI 

WAV!  L  I  NOT  H=  1.0  60  <  M  1  CHONS) 

/ErjlTH  ANGLE  =  0.  (DEG.) 

8-ZEKu=  0  «  10H  (MET  f R  ) 


i, .  30 

0.  )C  1 

(0.001  ) 

o.ocs 

t  0 .009 ) 

0.CC8 
( 0. CCO ) 

0.018 

(0.017) 

0.  02  8 
(0.029) 

0. 037 
(0.  042  ) 

0.60 

C  .004 
(0.004  ) 

0  .  C  C  fc 
(  0 . 0  C  7  1 

c.cca 

{  C.C 1C  ) 

0.012 
(  0. C19) 

0.019 
(0.024 ) 

0.028 

(0.034) 

1.00 

C.009 

(o.ooo) 

0.010 
(0.011  ) 

C.011 
(  G.C13  ) 

0.013 
( 0.016) 

0.  01  7 
(0.022) 

0.020 

(0.027) 

1.40 

0.0  17 

(0.017) 

0.018 

(0.018) 

0 .  C  1  8 
(  C  .  C  1  5  ) 

C.02C 
(  0. 022  ) 

0.022 

(0.029) 

0.  024 
(0.029) 

1  .8  0 

0.020 
(0.020 ) 

0.020 

(0.020) 

0.C29 
( C.030  ) 

C.  C3C 
(  C. 031 ) 

0.031 
(0. 034 ) 

0.033 
(0. 036  ) 

2.30 

0.048 

(0.048) 

0.C40 

(0.049) 

0.049 

1 0.C4S) 

0.049 

(0.080 

0.050 

(0.052) 

0.051 
(0.  054  ) 

2.00 

0.081 
(O.Obl ) 

C  .08  1 
(0  .CBl  1 

O.CGl 
( C.CP1 ) 

0.  CR2 
( 0.082) 

0.082 

(0.C83) 

0.083 
(0.084  ) 

3 . 5  u 

0.130 

(0.130) 

C.  1  30 
(0.130) 

0.13C 

(C.13C) 

0.  130 
( 0.131 ) 

0.131 
(0.131 ) 

0.131 
<0.132 ) 

0.30 

-10.8 

(-1C.8) 

-11.2 
(-11  .2) 

-11.6 

(-11.7) 

-12.3 

(-12.5) 

-13.5 

(-13.8) 

-14.4 

(-14.8) 

0 .60 

-5.2 

(  -5.2  » 

-5.5 
(  -5.6) 

-5.7 
(  -5.5) 

-6.2 
(  -6.5) 

-6.9 
(  -7.5) 

-7.6 
(  -8.3) 

1.00 

-  1  .9 
(  -1.9) 

-2.0 
(  -2.1 ) 

-2.1 
(  -2.2) 

-2.3 
(  -2.6) 

-2.7 
(  -3.2) 

-3.0 
(  -3.7) 

1. 40 

-0.3 
(  -0.3) 

-0.4 
(  -C.4) 

-C.5 
(  -C.5) 

-0.6 
{  -0.8) 

-0.  8 
(  -1.1) 

-1.0 
(  -1.5) 

1.80 

0 . 1 

(  0.1) 

0.0 

(  -C.O) 

-C.C 
(  -C.l ) 

-0. 1 
(  -0.2) 

-0.2 
(  -0.4) 

-0.3 
(  -0.6) 

2. 30 

-0.4 

(  -0.4) 

-0.4 
(  -0.4) 

-0.4 
(  -0.4) 

-0.4 
(  -0.5) 

-0.  5 
(  -0.6) 

-0.6 
(  -0.8) 

2.90 

-2.C 
(  -2.0) 

-2.0 
(  -2.0) 

-2  .C 

(  -2.0 

-2.C 
(  -2.1  ) 

-2.1 
(  -2.1) 

-2.1 
(  -2.2) 

3.50 

-4.8 
(  -4.8) 

-4.8 
(  -4.8) 

-4.8 
(  -4.8) 

-4.  8 
(  -4.8) 

-4.8 
(  -4.9) 

-4.9 
(  -4.9) 
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TRACK 1NG  SYSTFM 

DAY/  50-PtKCFNT  II  E  LMSC-I328020U-III 

l«AVr  L  ENGT  H=  1.0*0  (MICRONS) 

/FN1TH  ANGLE =40.  (DEG.) 

R_7eH0=  0.083  (METER) 


0.  TO 

0.001 
(0.001 ) 

0.010 
( 0  .Cl  1  ) 

0.020 
( 0.021 ) 

0.  C34 

( C. CAT ) 

C.  06  0 

(0.071 ) 

0.097 
(0. 101 ) 

0  .60 

0 .00  A 
( 0 .00  A  ) 

0.011 
(C.012 ) 

0  .  C  1  8 

(  C.02  1  ) 

0.033 
( 0. C36) 

0.056 

( 0.065) 

0.080 
(0.092 ) 

1  .00 

0.009 
(0 .009  ) 

0.014 

(0.015) 

C.C1P 
(  C .022) 

C.  C 2  0 
(  0.  036) 

C  .04  4 
(0.056) 

0.060 
(C.078 ) 

1.  AO 

0.01  7 
(0.017) 

C.020 
(U.022  1 

0.023 
(  C.C27  ) 

0.030 
(  0.036) 

0.04  0 
(0. 052 ) 

0.051 
(0. 069 ) 

1  .BO 

0.029 
{ 0.029  > 

C  .031 
(C.032  ) 

C.C33 
( C.C36J 

C.  C37 
(  C  .  04  3  ) 

0.044 
(0.055 ) 

0.052 

(0.067) 

2.30 

0.048 

(0.048) 

0.050 
(0.051  ) 

0.0  51 
( C.053 ) 

0.  054 
(0.059) 

0.059 

(0.067) 

0.065 
(0. 076 ) 

2  .00 

0.08  l 
(0.081) 

0.0F2 
( C.0P3  ) 

0.C83 
( 0.CP4 ) 

0.C85 
( O.08P) 

0.  C88 
(0.094) 

0.  092 
(0. ICO) 

3.50 

0.130 

(0.130) 

C.  130 
(0.131 ) 

0.121 
( C.122 ) 

0.133 
( 0.135) 

0,135 
( C.139) 

0.137 
(0. 144) 

0.30 

-10 .8 
(-10 .8  ) 

-11.8 

(-11.9) 

-12.8 

(-12.9) 

—  14.6 
(-14. 7) 

(- 

16.7 

17.0) 

-18.8 

(-19.1) 

0  .  6  C 

-5.2 
(  -5.2) 

-6.1 
(  -6.2) 

-t.  8 
(  -7.1) 

-8.3 
(  -8.7) 

(  - 

10.1 

10.7) 

-11.8 

(-12.6) 

1  .00 

-1.9 
(  -1.9) 

-2.4 
(  -2.5) 

-2.8 
(  -3.2) 

-3.  8 
(  -4.4) 

( 

-5.1 

-6.1) 

-6.4 
(  -7.6) 

1.40 

-0.3 
(  -0.3) 

-0.6 
(  -C. 8) 

-C.S 
<  -1.2) 

-1.6 
(  -2.2) 

( 

-2.5 

-3.4) 

-3.3 
(  -4.6) 

1  .80 

0. 1 

(  0.1) 

-0.1 
(  -G.2) 

-C  .3 
(  -C  .5) 

-0.7 
(  -1.1) 

( 

-1.3 

-2.0) 

-1.9 
(  -3.0) 

2.30 

-0.4 
<  -0.4) 

-0.5 
(  -0.5) 

-C.6 
<  -0.7) 

-C.  B 
(  -l.  1  ) 

( 

-1.2 

-1.8) 

-1.6 
(  -2.4) 

2.90 

-2.C 
(  -2.0) 

-2.0 
(  -2.1) 

-2.1 
(  -2.2) 

-2.2 
(  -2.5) 

( 

-2.5 

-2.9) 

-2.7 
(  -3.3) 

3.50 

-4.8 
(  -4.8) 

-4.8 
!  -4.9) 

-4 .5 
(  -4.9) 

-4.9 
(  -5.1) 

( 

-5.1 
-5.3  ) 

-5.2 
(  -5.6) 
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Sr  AT  If.  6Y51  PM 

I  ".  A  Y  /  9  0  -  P  t R  C  F  N  T  ILF  LMSC-B290200-I1J 

WAVF  LFNf.TF=  1.060  (MICKUNS) 

ALMITH  AN  Cl  F  =  0.  (t)FC  .) 

K-Zfc  KfU  0.073  (Ml  T  PR  ) 


C  .  10 

0  .000 
( o .  o  o  o ) 

G.0C5 
( C  .005 ) 

c.cco 
( C. CC6 ) 

0.010 
(  0  .  C  1  9  ) 

0. 032 
(0.033) 

0.04  6 
(0.046) 

u .  ?o 

e.oo? 

(u  .  30? ) 

0.007 

(C.0C7) 

C.01  1 
(0.011) 

c.  o?c 

l C.02C) 

0.033 
(  0.034  ) 

0.046 
(0.047 ) 

C  .30 

0.006 
(G  .00  6 I 

0.C1C 
(  0 . 0  1  C  ) 

C.C14 
( 0.014  ) 

0.02? 

(  0.023) 

0.034 
(0.036  ) 

0.047 
(U. 049) 

O 

• 

o 

0.012 

(0.012) 

0.016 
(  C  .  C  1 6  > 

C  .  1 2  C 
(  0 . 0  2  C  ) 

0.  C27 
( 0. 029) 

0.039 

(0.041) 

0.060 
(0.064  ) 

0.60 

0 . 0  3  A 
(0  .034) 

0.037 

(0.C37) 

C.  04C 
( 0. C4  1  ) 

0.046 
( 0.049) 

0.055 
( 0.060) 

0.  065 
(C.071  ) 

0.80 

0.066 
(0  .066  ) 

0.068 
(0.060  1 

0.C7C 
( C.C7?) 

0.075 
( 0.078) 

0.082 

(0.088) 

0.090 
(0.098  ) 

1.00 

0.  1C4 

( 0.104) 

0.1C6 
(0.1 C6) 

0.  1C7 
<  C.1C5) 

0.111 

(0.114) 

0.117 

(0.123) 

0.123 
(0.131  ) 

1.20 

0.144 
(0.144 ) 

C.  146 
(0.146) 

C.  147 
(0.149) 

C.  15C 
( C. 153) 

0.155 

(0.160) 

0.  1  59 
(0.167) 

0 . 10 

-20.2 

(-20.2) 

-20.7 
(-20.7 ) 

-21.2 

(-21.2) 

-22.2 

(-22.2) 

-23.5 
( -23.6) 

-2  4.6 
(-24.7) 

0 . 20 

-14.6 

(-14.6) 

-15.  1 
(-15.1 ) 

-15.6 

(-15.7) 

-16.5 

(-16.6) 

-17.8 

(-17.9) 

-18.9 

(-19.0) 

0.30 

-1  1  .  e 
(-11.8) 

-12.3 

(-12.31 

-12.7 

(-12.7) 

-13.  5 
(-1 3. 6) 

-14.7 

(-14.8) 

-15.7 
(-15.9  ) 

O 

• 

o 

-10.3 
(-10.3 ) 

-10.7 
(-10. 8) 

-11.1 

(-11.2) 

-11.9 
(-  1  .0) 

-12.9 

(-13.1) 

-13.8 

(-14.1) 

0.60 

-9.7 
(  -9.7) 

-10.0 

(-10.0 

-  1C  .  2 
(-10.3) 

-1C.  7 
(-10. 9) 

-11.4 
(  -1 1 . B) 

-12.1 

(-12.6) 

0.80 

-10 .6 
(-10 .6 ) 

-1  0.  F 
(-10.8) 

-1C. 9 
(-11.0) 

-11.3 

(-11.5) 

-11.8 

(-12.2) 

-12.3 

(-12.8) 

1.00 

-12.2 

(-12.2) 

-12.3 

(-12.4) 

-12.4 

(-12.5) 

-12.7 

(-12.9) 

-13.0 

(-13.3) 

-13.4 

(-13.8) 

1 .20 

-13.9 
(-13.9 ) 

-14. C 
(-14.0) 

-14.1 
(-14.2  ) 

-14.2 

(-14.4) 

-14.5 
( -14. 8) 

-14.8 

(-15.2) 
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S  T  AT  !  C  SYS  T  (  *5 

tlAY/'>0-H!;KCt  Nl  tl  F 

VJAVt  L  F  NGl  H=  1.(60  (M.1(.R0NS) 

/^Ml  I'  ANGLF-40.  (Off..) 

R  -  Z  f  P  0  =  0.  0r>6  (MrTMU 


.  k* 

0 . 00  0 
l  ^  •  u  v_  0  ) 

0.01) 

(  C  .  C  1  1  ) 

C  .02  1 
(  t  .  02  1  ) 

0. 04? 

(  0.942  1 

0.(77 
(0, 0 7  7  ) 

0.  1  04 

( 9 .  10  5) 

.  2  0 

i.'  .00  2 

U.-.0G2  ) 

0.01? 

t  G  .012) 

C  .  C  2  7 
((,.023) 

0  .  C  4  3 
(  C  .  C  4  4  ) 

0.074 

( 0 .075  ) 

0.  )  r  5 

(0. 1'  6) 

.  ^ 

0 .0  06 
(C  .006) 

0  .  C  1  4 

(  C.  C 1 6  ) 

C.026 

(G.C26) 

0.046 
( 0. 047) 

C.  076 
(0.277) 

0.  1C  6 

10.  1  OR  ) 

i.'lU 

0.0  12 

(0  .012) 

0.022 
(  0  .  C  2  2  ) 

0.  C?  1 
( C. C3? ) 

0.C-51 
<  0 . 0  5  2  ) 

0.  CRO 
(  G . OR 3  ) 

0.  109 

(0.113) 

.'.60 

0.034 
(0  .0  34  ) 

0.04  7 
( 0.043 ) 

C.C51 
( 0.053 ) 

0  .  C  6  S 
(0.072) 

0.09  6 
10.101) 

0.123 

(0.130) 

:■  .RC 

0.066 
(  0  .0  66  ) 

0  .  C  7  3 
(0.074 ) 

C .  C  P  1 
( c. ca? ) 

0.097 
(  3 . 1  C 1  ) 

0.12  1 
( 0.1?9) 

0.146 

(0.156) 

1.00 

0.104 
(0.104  ) 

0.110 

(0.112) 

C.117 
( C.  120) 

C.  131 
(0.137) 

0.15? 

(0.16?) 

C.  175 
(0.188) 

1.  20 

0.144 

(0.144) 

C  .  1  60 
(0.152) 

C.  156 
( 0.159) 

0.168 

(0.174) 

0.  1  R6 

(0.198) 

0.  2  26 
(0.22?) 

i.'  .  1  ■>.' 

-20.2 
(-20 . 2) 

-21.4 

(-21.4) 

-22.4 

(-22.5) 

-24.3 

(-2^.8) 

-2  6.7 

( -26.7) 

-2  8  .  R 

(-28. 8  1 

0 . 20 

-14.6 

(-14.6) 

-  1  5  .  P 

(-15.8) 

-16. P 
( -i e . e ) 

—  18.6 
(-18.7) 

-2  0.9 

( -21 . o  ) 

-23.3 

(-23.1) 

0.30 

-11  .  F 
(-11.8) 

-12.9 

(-12.9) 

-13.9 

(-13.°) 

-15.6 
(  -1 5. 6) 

- 1  7 .  R 

(-17.9) 

-19.9 

( -20.9 ) 

C 

nT 

• 

o 

-10.3 
(-10 . 3) 

-11.3 

(-11.4) 

-12.3 

(-12.3) 

-13.8 

(-13.9) 

-15.  9 
(-16.11 

-17.9 
(-1  8.1  > 

0.6  0 

-0.7 
(  -0.7) 

-10.5 
(- 1C .5  ) 

-11.1 

(-11.3) 

-12.4 

(-12.7) 

-14.3 

(-14.7) 

-1  6.9 
(-16.4) 

(  .BA 

-10.6 

(-10.6) 

-  11  .  1 
(-11.2) 

-11.7 

(-11.9) 

-1?.  e 

(-13.1 ) 

-14.3 

(-14.7) 

-15.7 

(-16.3) 

1  .00 

-12.2 

(-12.2) 

-12.6 

(-17.71 

-13.0: 

(-13.2) 

-1  3.  p 
(-14.2) 

-15.1 
(-)*>.  6  ) 

-16.3 

(-17.0) 

1  .  20 

-13.9 

(-13.9) 

-14.2 

(-14.3) 

-14.6 

(-14.7) 

-14.2 
( -1 5. 61 

-16.2 
(  -16. R) 

-17.  3 
( -1 R . 1  ) 

1  .  20 


LMSC-B290200-II1 


T  PACK  INC  SYSTFM 


0AY/90-PI  Rt >NT  It  C 
WAVt  t  ENCT  H*  1.0615  (MICRONS) 
/FNITH  ANGLE*  o.  (OfC.l 
R-ZERC*  0.073  (METER! 


0.30 

0.001 
(0.001  ) 

0 .005 
(0  .005  ) 

0  *  CCA 
(0.010) 

0.  C 1  7 
(0.018) 

0.030 

(0.03?) 

0.0A2 
(0. 0A5  ) 

0.60 

O.OOA 
(0.00  A) 

0.007 

1 O.0C7  ) 

o.oic 
( 0.C11  ) 

0.016 

(0.01B) 

0.025 

(0.030) 

0.  035 
(O.OAl  ) 

1.00 

0.009 
(0.009  ) 

0.011 

(0.01?) 

0.013 

(0.C1A) 

C.  Cl  7 
( C.C20) 

0.022 

(0.028) 

0.92H 
(0.036 ) 

1  .AO 

0.017 
(0.017  > 

C.C18 

(0.0191 

0.019 

(0.021) 

0.  022 
(0.025) 

0.026 
(0.031 > 

0.029 
(0. 037) 

i  .80 

0.029 

10.029) 

0.C25 
l C .030 ) 

C.030 
( 0.031 ) 

0.032 
(  G. C3A  ) 

0.03A 
( 0.038) 

0.037 
(0. 0A3  ) 

2.30 

0.048 

(O.OAfl) 

0.CA9 
(0.0A9  1 

0.050 
( C.C50) 

0.  C51 
(  C.052) 

0.052 
(0.055 ) 

0.054 

(0.058) 

2.90 

0.081 
(0.081 ) 

0.001 
(  0  .082  1 

O.C82 
( C.C82 ) 

C.  082 
( 0.CR3) 

0.083 

(0.085) 

0.004 
(0.088 ) 

3.50 

0.130 

(0.130) 

0.  13C 
( C.130) 

0. 13C 
(0.131) 

0.131 

(0.132) 

0.132 

(0.133) 

0.  13? 
(0. 135) 

0.30 

-10.8 

(-10.8) 

-11.2 

(-11.2) 

-11.7 

(-11.8) 

-12.6 
(-12. 7) 

-13.8 
(  —  1  A  .  0 ) 

-14 .8 
(-15.0) 

0.60 

-5.2 
(  -5.2) 

-5.6 
(  -5.7) 

-  6  .  C 
(  -6.1) 

-6.6 
(  -6.8) 

-7.5 
(  -8.0) 

-8. A 
l  -8.9) 

1  .00 

-  1  .9 
(  -1.9) 

-2.1 
(  -2.1) 

-2.3 
(  -2. A) 

-2.6 
(  -3.0 

-3.2 
l  -3.8) 

-3.8 
(  -4.5) 

1  .AO 

-0.3 
(  -0.3) 

-0  .A 
(  -C.5) 

-o.t 
(  -C.7) 

-0.  8 
(  -1.1) 

-1.2 
(  -1.7) 

-1.6 
(  -2.2) 

1  .00 

0 .1 

(  0 .1  ) 

-0.0 
(  -o.l) 

-C.l 
(  -C.Z) 

-0.2 
(  -  0.  A  ) 

-O.A 
(  -0.8) 

-0.7 

(  -i.n 

2.30 

2.90 

3.50 


-0.4 
(  -0.4) 

-2.0 
(  -2.0) 

-A  .8 
<  -A. 0) 


-  0  .  A 
(  -  C  .  A  I 


{ 


*0  .A 
•0.5) 


0.5 
0.  7) 


( 


-2.C 

-2.0 


-A. 8 
(  -A  .8 ) 


-2.0 
(  -2.1) 

-  A.  E 
(  -A. 6) 


(  - 


-2.1 
<  -2.1) 

-A.  8 
(  -A. 5) 


(  - 


0.7 

0.9) 


2.1 

2.3) 


(  - 


-A.  9 
t  -5.0) 


-0.8 
(  -l.U 

-2.2 
(  -2. A) 

-4.9 
(  -5.1) 


M-71 


TRACKING  systfm 

0AY/90-PFRCFNT  1LE  filiro(lW,, 
WAVf  LENGTH  1.060  (MICRONS) 
ZENITH  ANGLE3  40.  (DEG.) 
R-ZFRC*  0.056  (METER) 


LMSC-B290200-IIT 


0.30 

0.001 
(0.001 ) 

0.011 
(C.011  1 

0.60 

0.004 
( 0.004 ) 

0.012 

(0.013) 

1  .00 

0.009 

(0.009) 

0.016 

(0.017) 

1.40 

0.017 

(0.017) 

0.022 
(0.C24  ) 

1  .80 

0.029 

(0.029) 

C.C32 

(0.034) 

2.30 

0.048 
(0.048 ) 

0.051 

(0.053) 

2.90 

0.081 
(0  .08  1  ) 

0.C83 

(0.0P4) 

3.50 

0.130 

(0.130) 

0.131 

(0.132) 

0.021 

(0.021) 

0.041 
( G.G42) 

0.071 

(0.073) 

0.02  1 
( C.C23) 

0.  C35 
(0.042) 

0.066 

(0.071) 

C.C22 

(0.025) 

0.036 
( 0.042 ) 

0.058 
( 0.067 ) 

C.027 
( C.C21) 

C.  C37 
(  0.045) 

0.054 

(G.066) 

0.  C36 
{  0. C40  ) 

0.  044 
(0.051  1 

0.056 

(0.069) 

0.054 
( O.C57 ) 

0.  059 
( 0.066) 

0.  068 
(0. 080) 

C.C85 
'  ( 0.C87) 

0.088 

(0.094) 

0.095 

(0.104) 

0.133 

(0.135) 

0.135 
<  C.  140 

0.140 

(0.148) 

0.  101 

10.103) 

0.003 
(0. ICO) 

0.  ORO 
(0.094) 

0.071 

co.oefi ) 

0.070 

(0.08B) 

0.07ft 
(0.095 ) 

0.102 

(0.116) 

0.  195 
(0.157) 


0.30 

-io. a 
(-10.8) 

-11.5 

(-11.9) 

-12.9 

(-13.0 

-14.7 

(-14.8) 

-17.0 

(-17.1) 

-19.1 

(-19.2) 

-8.7 

-10.8 

-12.7 

0.60 

-5.2 
(  -5.2) 

-6.2 
(  -6.3) 

—  7  •  l 

l  -7.3) 

(  -9.0) 

(-11.2) 

(-13.2) 

1.00 

-1.9 
(  -1.9) 

-2.6 
(  -2.7) 

-3.2 
(  -3.5) 

-4.5 
(  -5.0 

-6.2 
(  -6.9) 

-7.8 
(  -0.7) 

1.40 

-0.3 
(  -0.3) 

-0  8 
(  -1.0) 

-1.3 
(  -1.7) 

-2.2 

(  -2.8) 

-3.5 
(  -4.4) 

-4.8 
(  -6.0) 

1 .80 

0.1 

(  0.1) 

-0.3 
(  -0.4) 

-0.6 
(  -0.9) 

-1.2 
(  -1.8) 

-2.2 
(  -3.1) 

-3.2 
(  -4.4) 

2 .30 

-0.4 
(  -0.4) 

-0.6 
(  -0.7) 

-C.  8 
(  -l.C) 

-1.2 
(  -1.7) 

-1.9 
(  -2.7) 

-2.6 
(  -3.7) 

2.90 

-2.0 
(  -2.0) 

-2.1 
(,  -2.2) 

-2.2 
(  -2.4) 

-2.5 
(  -2.9) 

-2.9 
(  -3.6) 

-3.4 
l  -4.3) 

3.50 

-4.8 
(  -4.8) 

/ 

—  4c9 

(  -4.9) 

-4.9 

(  -5.1) 

-5.1 
(  -5.3) 

-5.4 
(  -5. ft) 

-5.7 
(  -6.3) 

M-72 


LMSC-B290200-III 


SI  AT  1C  SYS1 fc M 

NIGHT/ 50-Pt PCHNT  IL  t 

WAVC  L  ENGT  H=  1  .060  (MICRONS) 

ZTNIT6  ANGLF=  0.  (OFG. ) 

R- Z  CR 0  =  0.167  (M6TLR  ) 


0 . 10 

0.000 
(0  .000  > 

0.  ocs 
(0.0C5) 

O.C  09 
( C. CCS) 

0.017 

(0.018) 

0.030 

(0.032) 

0.  044 
(0.045 ) 

0.20 

0.002 
(0 .002  ) 

0 .006 
( 0  .006  ) 

0.  CCS 
(0.010) 

0.  016 
(  0.  01 8) 

0. 0?  7 
(0.030) 

0.  03 A 
(0.043) 

0 .30 

0.006 
(0.006  ) 

0.0C8 

(0.009) 

0.011 

(0.013) 

0.  01  7 
( 0.019) 

0.025 

(0.030) 

0.033 
(0. 040) 

0.40 

0.012 

(0.012) 

C  .  0 1  4 
( 0.015 ) 

0.  C16 
( 0.C18) 

0.  020 
(C.024) 

0.027 

(0.032) 

0.033 
(0.041 ) 

0.60 

0.0  34 
(0.0341 

0.035 
(  0.C36  ) 

0.036 

(0.038) 

0.  039 
( 0.  042  ) 

C.04  2 
( 0.047 ) 

0.046 

(0.054) 

0 .80 

0.066 
(0  .066 ) 

0.066 
( O.C67 ) 

0.C67 

(0.068) 

0.069 
(  0.  071  ) 

0.071 

(0.075) 

0.074 

(0.079) 

1.00 

0.104 
(0. 1041 

0.104 
(0.105  1 

0.  105 
(0.  106) 

0.  106 

(0.107) 

0.107 

(0.110) 

0.  109 
(0.113) 

1 .20 

0.  144 
(0.144) 

C.  145 
(0.145) 

C.145 

(0.146) 

0.146 
<  0. 147) 

0.147 
( 0.149) 

0.  )-6 
(0. 151 ) 

0.10 

-20.2 

(-20.2) 

-20.7 

(-20.7) 

-2  1.2 
(-21.2 ) 

-22.  1 
(-2 2.2) 

-23.4 

(-23.5) 

-24.4 

(-24.6) 

0.20 

-14.6 

(-14.6) 

-15.  C 
(-15.1  ) 

-15.4 

(-15.6) 

-  1  6.  2 
(-16.4) 

-17.3 

(-17.6) 

-18.2 

(-18.6) 

0.30 

-l  1  .8 
(-11.81 

-12.1 
(-12.2  I 

-12.4 

(-12.5) 

-13.0 

(-13.2) 

-13.8 

(-14.3) 

-14.6 
(-15.2  ) 

0.40 

-10 . 3 
(-10 .3 ) 

-10.6 

(-10.6) 

-  1C  .8 
(-1C.9) 

-11.2 

(-11.5) 

-ll.fi 

(-12.3) 

-12.4 

(-13.1) 

0.60 

-9.7 
<  -9.7) 

-9.8 
<  -9.9) 

-9.9 

(-10.1) 

-10.  1 
(-1C.4) 

-10.4 

(-10.8) 

-10.8 

(-11.3) 

0  .AC 

-10.6 

(-10.6) 

-10.6 
(-10. 7) 

-1C. 7 
(-10.8) 

-  10.8 
(-11.0) 

-11 . 0 
(-11.3) 

-11.2 

(-11.6) 

1.00 

-12.2 

(-12.2) 

-12.2 
(-12.3 ) 

-12.3 

(-12.3) 

-12.3 

(-12.4) 

-12.4 

(-12.6) 

-12.5 

(-I2.fi) 

1.20 

-13.9 

(-13.9) 

■13.9 
-  13.9) 

-  1  3.9 
(-14.0) 

-14.  C 
(-14.1) 

-14.1 

(-14.2) 

-14.1 

(-14.3) 

ST  AT  I  0  SYSTCM 

N  K'.HJ /SO-Ht^erNT  ILF  LMSC-B290200-III 

W  AV/ F  L  FNliT  H=  1.069  |M|fW(.lMS) 

7FMTH  ANGLC=4G.  (CCG.) 

8-ZCRO  0.12H  ( !*  F  T  F  8  ) 


U  .  U 

0  .  uCC 
(0  .OOC  1 

o.oi'. 

(  C  .01 1 ) 

0.021 

(0.021) 

c .  r  4 1 
(0.042) 

C.  07? 

(  C.  073  ) 

0 .  1  C  2 

(0.104 ) 

o  .  20 

C.90  2 

(u  .oo?) 

C  .  0  12 
(C.012) 

C.  C?1 
(  C. C22  ) 

0.040 
(0.042 ) 

Cl  .  0  6  R 
( 0.072 ) 

0.  09  7 
(0. 10? ) 

0 . 00 

0 .006 

I  G  .  0  0  6  ) 

C  .0  14 
(0.015) 

0.  C2? 

(  0.024  ) 

0.  C39 
(  u  .  C  4  3  ) 

0.  Of  5 

(  C  .  0  7  l  ) 

0.091 
(0. IOC  ) 

<■  .40 

0  .  C.  1  ? 
(0.  Ol?> 

C  .  C.  1  6 

(C.021  ) 

0  .026 
(0.020) 

0.  041 
( J.  346) 

C.063 
(0. 072) 

0. 087 
(0.099 ) 

O  .  60 

0  .034 
(0  .034  ) 

G.C36 
(0.041  ) 

0.044 
( C.C47) 

C.  064 
(  0.061  > 

0.071 
(0.083  i 

0.  089 

(0. 106 ) 

o  .  8  0 

0.066 
( 0.066 ) 

C.C69 

( c .  o  7 1 ) 

0.C73 
( 0. C76  ) 

0  .  C  FC 
( 0.067) 

C.  093 
(0.105) 

0.106 

(0.123) 

1  .00 

0. 10  4 
(0.104) 

0.  1 C  6 
(0.1C8) 

c.lt? 

( C.  1  1?  ) 

0.115 

(0.121) 

C.  1  24 
(0.135) 

0.133 

(0.150) 

1.20 

C  .  1  4  4 
(0.144) 

C.  146 
(C.147) 

C  .14  8 

(0-  isi  ) 

0.  1  52 
(  0.  1 6R) 

0.  159 
(0.169) 

0.  167 
(0. 181) 

0 .10 

-20.2 

(-20.2) 

-21.4 

(-21.4) 

-22.* 
(-22.4 ) 

-24.2 

(-24.3) 

-26.5 

(-26.6) 

-2  8.7 
(-28.7) 

0.20 

-14.6 

(-14.6) 

-15.7 

(-16.7) 

-16.6 

(-16.8) 

-  1  8.4 
(-18.5) 

-20.5 
( -20.8) 

-2  2.5 

(-22.8) 

O'  .30 

-11.8 

(-11.8) 

-12.7 

(-12.8) 

-13.5 

(-13.7) 

-15.1 
(-1 5.4) 

-17.0 

(-17.5) 

-18. « 
(-19.5) 

C 

• 

is 

O 

-10.3 

(-10.3) 

-11.1 

(-11.2) 

-ii  .e 
(-12.1) 

-13.0 

(-13.5) 

-14.8 

(-15.4) 

-1  6  .4 
(-17.3) 

0  .60 

-9.7 
(  -9.7) 

-1C. 2 
(-10.3) 

-1C. 6 
(-10.81 

-11.4 

(-11.9) 

-12.6 

(-13.5) 

-13.6 

(-15.0) 

0 .80 

-10. 6 

I  —  1C  •  6  ) 

-  10. 8 
(-11.0) 

-  11.1 
(-11.4) 

-11.6 

(-12.1) 

-12.5 

(-13.3) 

-13.3 

(-14.4) 

1.00 

-12.2 

(-12.2) 

-12.4 

(-12.5) 

-  1  2.5 
(-12.7) 

-12.9 

(-13.2) 

-13.4 

(-14.1) 

-14.0 

(-14.9) 

1 . 20 

-13. 9 
(-13.9  ) 

-  14  .0 
(-14.1) 

-14.1 

(-14.3) 

-  1  4.4 
(  -  1  *  .  7  > 

-14.8 

(-15.3) 

-15.2 
1-1 6  .0 ) 
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t  pack  iNG  SYS r r m 

N  1C.HT/  r)0-  pr  RCFNT  11  F  LMSC -B290200-III 

wAVt  L [NGT  h=  1.063  (MlCFONS) 

/FNITF  ANGU  F=  0.  1 01 C . ) 

P-7FPC-  0.  167  (M  t  TFR  ) 


0 . 3  o 

0  .JO  1 
(C .JO  1  ) 

r .  004 
(  G  .  C;  C  4  ) 

C  .  C  C  6 
( O.CCH ) 

0.012 

( C.OI 5) 

C.02  0 
( 0.025 ) 

0.029 

(0.036) 

^  •  6  0 

C.C04 

(0.004) 

0  .ocs 
( 0.006 ) 

C.CC6 

<  o.cce ) 

c.  cos 

(0.011) 

0.01  2 
(0.017) 

0.016 
(0.024 ) 

1  .00 

0.00  9 
(0  .OOP ) 

C.01C 
(0.01C ) 

0.0  10 

(  C. C  1  1  1 

0 .  G 11 
(0.013) 

0.013 

(0.016) 

0.015 
(0. 019) 

1.40 

C  .  0  1  7 

( 0 .017) 

C.017 
( C.C18  > 

c.oi  e 
(0.018) 

C.Clfi 
(  0.  Cl  5  ) 

C.019 
( G.021) 

0.020 
(0.023 ) 

1  .90 

0.029 
(0.029  » 

0.  C25 
( 0 . C  29  1 

0.C29 
( C.C25) 

0.025 
( 0.03C ) 

0. 030 
( 0.031 ) 

0.030 
(0.  032  ) 

2.30 

0.049 
{ 0  .  u  4  8  ) 

0.049 
( G  .049 ) 

C.  C45 
( 0.C45I 

0.  049 
(  C.  C4  9) 

0.049 
( 0.050) 

0.050 

(0.051) 

2.90 

0,091 

(0.081) 

0.C81 
(0.081 ) 

c.cei 

(C.C81 ) 

0.C81 
(  0.081  ) 

0.  CR1 
(C.082) 

0.092 
(0.082 ) 

3.50 

0.130 

(0.130) 

C.  130 
(C.1201 

C.  1  3C 
( 0. 130) 

0.130 
(  C.  130 

C.130 
( 0.131  ) 

0.  130 

(0.  131  ) 

0 . 30 

-10.8 

(-10.8) 

-11.1 

(-11.1) 

-11.4 

(-11.5) 

-12.  C 
(-12.3) 

-12.8 
(-13.3  ) 

-13.7 

(-14.3) 

0.60 

-5.2 

(  -5.2) 

—  5.4 
(  -5.5 ) 

-5.5 
(  -5.7) 

-5.  8 

(  -6.1) 

-6.2 
(  -6.7) 

-6.6 
(  -7.4) 

1.00 

-1.5 
<  -1.5) 

-1.9 
(  -2.0) 

-2.0 
(  -2.1) 

-2.1 
(  -2.3) 

-2.3 

(  -2.6) 

-2.4 
(  -2.9) 

1  .40 

-0 . 3 
(  -0.3) 

-0.4 
<  -0.4) 

-C.4 

(  -  C  •  4  ) 

-0.4 
(  -0.5) 

-0.  5 
(  -0.7) 

-0.6 
(  -0.9) 

1  .fiC 

0.1 

(  0.1) 

C.C 

<  C.C) 

C  .0 

(  -0-0 

-C.C 
(  -0.1) 

-0.  1 
(  -0.2) 

-0.1 
(  -0.3) 

2.30 

-0.4 
(  -0.4) 

-0.4 
(  -0.4) 

-  C  .4 
(  -0.4) 

-0.4 
(  -C.4) 

-0.4 
(  -0.5) 

-0.5 
(  -0.5 ) 

2.90 

-2.C 
(  -2.0) 

-2.0 
(  -2,0 

-2  .0 
(  -2.0) 

-2.0 
(  -2.0) 

-2. 0 
(  -2.0) 

-2.0 
(  -2.1) 

3.50 

-4 . 0 
(  -4.8) 

-4 . 8 
(  -4.8) 

-4.8 
(  -4.8) 

-4.8 
(  -4.8) 

-4.8 
(  -4.9) 

-4.  B 
(  -4.8) 
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T HACKING  SY5TLM 

NIGHT/  SO-Pfc06PNT  11C  LMSC-B280200-III 

WAVF  I.  P  NOT  H=  1.0  tl)  (MICRONS) 

71-NITH  AN  CL  P  =  40  .  (DLG.l 
R-ZT  R0  =  0 . 120  (MPT  PR  ) 


0  .  30 

0 . 0  C  1 

(0 .uO  1  ) 

0.009 

(G.OIC) 

0.C17 
( C. Cl  4  ) 

0.034 
( 0. U3R ) 

0.06  0 
(0.066) 

0.  086 
(0.096 ) 

0.60 

G  .'"'04 
(0. J04  ) 

C  .  C  C  9 

(  0  .CIO) 

0.  C14 
(0.017) 

C.  074 
( 0.031 ) 

0.041 

(0.053) 

0. 059 
(0.076) 

l  ,UU 

0.009 
( 0  .009  ) 

C  .  c  1  ? 

(  C  .  U  1  3  ) 

0.014 
(  0.017) 

0.  020 
(  0.076) 

C.  029 
(0.040) 

0.039 

(0.055) 

1.40 

0.017 

(0.017) 

0.019 
(  0.070  ) 

G.C2C 
( 0.07  2  ) 

0.  023 
(  0.  07  8) 

0.029 

(0.037  ) 

0.036 

(0.047) 

1  .dO 

0.029 

(0.029) 

C.C30 
( C.C30) 

0.C2  1 
( C.C32  ) 

0.033 

(0.036) 

0.036 

(0.04?) 

0.040 

(C.049) 

2.00 

0.040 
(0 .048 ) 

0.  C49 
(0.050) 

0.C5G 

( C.051  > 

0.051 
( 0. G63  ) 

0.063 
( 0.060) 

0.056 
(0.062  ) 

2.90 

O.Ofil 

(0.081) 

0.081 
( C  .082  ) 

0.CP2 
( O.CH? ) 

0.  C  83 
( 0. CR4) 

0.084 

(C.G07) 

0.086 
(0.090  ) 

3 . 5  u 

0.  13C 

(0 . 1 30  ) 

G.  130 
(C.13C) 

C.  130 

(0.131) 

0.131 
( C.  132  > 

0.132 

(0.134) 

0.133 
(0. 136) 

0 . 3  0 

-10.0 

(-10.0) 

-11.7 

(-11.0) 

-12.6 

(-12.0) 

-  )  4 . 7 
(-14.5) 

-16.2 

(-16.6) 

-18.1 

(-10.7) 

G  .  6  0 

-5.2 
(  -6.7) 

-5.fi 
(  -6,0 

-6.4 
(  -6.7) 

-7.4 
(  -8.1) 

-0.9 
<  -9.9) 

-10.3 

(-11.5) 

1  .CO 

-1.9 
(  -1.9) 

-2.1 
(  -2.3) 

-2.4 
(  -2.7) 

-3.  C 
(  -3.6) 

-3.9 
(  -4.8) 

-4.7 
(  -6.0) 

1 .40 

-0.3 
(  -0.3) 

-0.5 
(  -C.6) 

-C  .6 

(  -  C  .  5  ) 

-1.0 
(  -1.4) 

-1 . 6 
(  -2.7) 

-2.0 
(  -3.0) 

1.80 

0.1 

(  0.1) 

-0 .0 

(  -0.1) 

-C.  1 
(  -C.3) 

-0.  3 
(  -C.6) 

-0.6 
(  -1 .  1  ) 

-0  .9 
(  -1.6) 

2. 30 

-0.4 
(  -0.4) 

-0.0 
(  -0.5) 

-0.5 
(  -0.6) 

-  0.  6 
(  -0.7) 

-0.  7 
(  -1  .  1  > 

-0.9 
(  -1.4) 

2.90 

-2.0 
(  -2.0) 

-7.0 
(  -7.0) 

-2.C 
(  -2.1) 

-2.1 
<  -2.7) 

-2.2 
(  -2.4) 

-2.3 
(  -2.6) 

3.50 

-4.8 
(  -4.0) 

-4  .0 
(  -4. H) 

-4.0 
(  -4,0) 

-4.  4 
(  -4.9) 

-4.9 

(  -5.0) 

-5.0 
(  -5.7  ) 
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STATIC  SYSTEM  LMSC-B290200-III 

N  I  r.HT/90-PEKCHNT  1LC 

WAVC  LTNGTH=  1.060  (MICRONS) 

ZENITH  ANGLE*  0.  (OCC.I 
R-ZERO*  0.114  (M6TERI 


0. 10 

0.000 

lu.ooo) 

0.005 
(  C.C05 ) 

C.C09 
(  C.CC9) 

0.01  b 
(  0. Cl  5) 

0.03? 

(0.032) 

lO  >c 

o  o 

•  • 

o  o 

0.20 

0.002 
(0  .0021 

C.CC6 
(O.Of 71 

0.01C 

( o.om 

0.01ft 
(  0.020) 

0.031 

(0.033) 

0.  043 
(0.  046  ) 

0.30 

U  .006 

(0 . 0  U6 1 

0.0C9 

(0.010) 

0.C13 

(0.014) 

C.C2C 
( 0. 022) 

0.03  0 
(0.034) 

0.041 

(0.046) 

0  ,4C 

0.012 
10.0  12) 

C.015 

(0.016) 

0.018 
( 0.019) 

0.  024 
(0.027) 

0.033 

(0.037) 

0.0^2 
(0.049 ) 

0.60 

0.0  34 
(0.034) 

0.036 
( C.037 ) 

0.C3R 
( 0*039) 

0.C42 
( C. 045) 

0.048 

(0.054) 

0.  054 
(0.062) 

0.80 

0.066 

(0.066) 

0.06  7 
( C.066) 

0 .  C  (:  8 
( 0.070 ) 

C.  071 
<  0.074) 

0.075 

(0.081) 

O.OBO 
(0.088 ) 

1.00 

0.104 

(0.104) 

0.1  C5 
(0.105) 

0. 106 
(0.1C7) 

0.  108 
( 0. lie) 

0.111 

(0.115) 

0.114 
(0.  121  ) 

1.20 

0.  144 

(0.144) 

0.145 

(0.145) 

0.146 

(0.147) 

C.  147 
(  0.149) 

0.149 

(0.153) 

0.  152 
(0. 157) 

0.10 

-20.? 

(-20.2) 

-2C.7 
(-20.7  ) 

-2  1.2 
(-21.2) 

-22.2 

(-22.2) 

-23.5 

(-23.5) 

-2  4.6 
(-24.6) 

0.20 

-14.6 

(-14.6) 

-15.1 
(-15.1  ) 

-15.6 

(-15.6) 

-16.4 

(-16.5) 

-17.6' 

(-17.8) 

-16.6 

(-18.8) 

0.30 

-11.9 

(-11.8) 

-12.2 

(-12.2) 

-12.6 

(-12.7) 

-13.3 

(-13.5) 

-14.3 

(-14.6) 

-15.2 

(-15.6) 

0.40 

-10.3 

(-10.3) 

-10.6 
(-10.7 ) 

-1C.  9 
(-11.1) 

-11.5 

(-11.8* 

-12.4 

(-12.91 

-13.1 

(-13.6) 

0.60 

-9.7 
(  -9.7) 

-9.9 

(-10.0 

-1C.  t 
(-1C.2 ) 

-10.4 

(-10.6) 

-10.9 

(-11.3) 

-11.4 

(-12.0) 

0.90 

-10.6 
(-10.6 ) 

-  10.7 
(-10.7) 

-ic.  e 

(-1C.5) 

-11 .0 
(-11.2) 

-11.3 

(-11.7) 

-11.6 

(-12.1) 

1 .00 

-12.2 
(- 12.2  ) 

-  )  2  •  3 
(-12.3) 

-12.2 

(-12.4) 

-12.4 

(-12.6) 

-12.6 

(-12.9) 

-12.8 

(-13.2) 

1.20 

-13.9 

(-13.9) 

-13.9 

(-14.0! 

-14  .C 
i  (-14.0 

-14.1 

(-14.2) 

-14.2 

(-14.4) 

-14.3 

(-14.6) 
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STATIC  SYSTEM 
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WjAVF  L  f  NOT  H=  1  .060  (MICRONS) 

ZENITH  ANG(_F  =  40.  (OFG.) 

K-Z  E  KO-  0.088  (METER  ) 


0 . 10 

O.uCO 
(O.uOG  ) 

C .  C  1  1 
( 0.C1  1  ) 

0.02  1 
( 0.021 ) 

0.04  2 
(0.C4?) 

0.073 
( 0.073 ) 

0.  1  04 
(0. 1 04  ) 

o.?c 

0.00? 

(  C  •  0  0  2  ) 

0  .0  12 

(0.012) 

O.C22 
( 0.023) 

0.  C42 
(  0  .  C4  3 ) 

0.072 
<0.074 ) 

0.  10? 

(0. 104  1 

0.30 

C  .006 
(  G  .  l.  0  6  ) 

C  .C  1  5 

(0.016) 

C.C24 
(  C.C25) 

0 . 043 
( 0.045) 

0.  071 
(0.075) 

0.  100 

(0. 105  ) 

G  ,4'J 

0.0  12 
(0.01?) 

0.02  1 
(  0.022  ) 

0.C28 

(  0.C21  I 

0.047 
( C . CSC) 

0.073 
( 0.079  ) 

0.100 
(0.  108  ) 

G.60 

0.0  34 
(0.0  34) 

0.04  1 
(  0 .  C  4  2  1 

G.C48 
( 0.C51  ) 

0.06? 

( 0.068) 

0.  C 84 
(0.004) 

C.  107 
(0.120) 

0.80 

0.066 

(0.0661 

0.071 

(0.072) 

C.  C77 

« c.cec ) 

0 .  C  8  ft 
( 0.095) 

0.106 

(0.118) 

0.125 

(0.141) 

1.00 

0. 104 
(0.104) 

0.108 
(  C. 1  1C) 

C.  112 
(0.116) 

0.12? 
(0. 129) 

C.  136 

( G. 140) 

0.152 

(0.169) 

1.20 

0. 144 
(0.144*. 

0.148 

(0.145) 

C.151 
( C.155) 

0.158 

(0.165) 

0.170 

(0.183) 

0.  1  63 
(0. 201  ) 

J.  10 

-2C.2 
(-20.2 ) 

-21.4 

(-21.4) 

-22.4 
(-22  .4  ) 

-24.3 
(-24. 3) 

-26.6 
( -26. 7) 

-2  6.7 
(-2  8.8  ) 

o 

ro 

o 

-14.6 

(-14.6) 

-15.7 

(-15.8) 

-16  .  E 
(-16.0 

-18.5 
(-1 8.6) 

-20.8 

(-20.9) 

-2  2.9 

(-23.0  ) 

0 . 3C 

-11.  ft 
(-11.8) 

-12,8 

(-12.5) 

-13.7 
(-13. B) 

-15.4 

(-15.6) 

-17.  5 
(-17.8) 

-19.5 

(-19.8) 

C  •  40 

-10.3 
(-10.3  ) 

-11.2 

(-11.3) 

-12.1 

(-12.2) 

-13.5 

(-13.8) 

-15.5 

(-15.9) 

-17.3 

(-17.8) 

0 . 60 

-9.7 
(  -9.7) 

-10.3 

(-1-9.4) 

-10.9 
(-11.1 ) 

-11.5 

(-12.3) 

-13.5 

(-14.2) 

-15.1 

(-15.8) 

0  .  8  0 

-10.6 

(-10.6) 

-1  1  .0 
(-11.1) 

-11.4 

(-11.6) 

-12.2 

(-12.7  ) 

-13.4 

(-14.1) 

-14.5 

(-15.5) 

1.00 

-12.2 
(-12.2  1 

-12.5 

(-12.6) 

-12.7 
(-13. G) 

-13.  3 
(-13.7) 

-14.1 

(-14.5) 

-15.0 

(-16.0) 

1  .20 

-13.9 

(-13.9) 

-14.1 

(-14.21 

-14.3 

(-14.5) 

-14.7 

(-15.1) 

-15.4 

(-16.0) 

-16.0 
(  -17.0) 
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WAVE  L  F  NCT  M=  1.06G  (MICRONS) 
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0.00 

('.001 
11.001  ) 

0.CC4 

(0.(05) 

0  .COP 
( 0.CC9 1 

0.01  5 
(0.017) 

0.  026 
( 0. C29) 

0.036 
(0.041 ) 

0.60 

0.004 

(0.004) 

0.0C6 
( G.0C6 ) 

0.CC8 
(  O.Cf 9) 

C.012 
( 0.C15) 

0.018 

(0.023) 

0.  024 
(0.032 ) 

1 .00 

0.009 

(C.009) 

C.010 

l  0 .  C  1 1  ) 

C.OI  1 
( C.012  ) 

0.  01  3 
(0.016) 

0.016 
(  C.021  ) 

0.019 

(0.026) 

1  .40 

0.017 
(  0  .  C  1  7  ) 

c.oi  e 
(C.018) 

0.C18 
( 0.C19) 

C.C19 
l  C. 02  1  ) 

0.021 
(0.024  > 

0.023 

(0.028) 

1  .BO 

0.029 

(0.029) 

0 .0  29 
(0.C29I 

0.029 
( 0.020) 

C.03C 
( 0.031  ) 

0.031 

(0.033) 

0.032 

(0.036) 

2.30 

0.048 

(0.048) 

0.049 

(0.C49) 

0.C49 
( 0.C49 ) 

0.C49 
( 0. C5G) 

0.  050 
(0.C52) 

0.051 

(0.053) 

2.90 

u  .08  1 
(0.081) 

0.081 
(O.C-81  ) 

0.CE1 
( 0.C81 ) 

0.CP1 
( C.082) 

0.0B2 

(0.083) 

0. 0P2 
(0.084) 

3.50 

0.  1  30 
(0.130) 

C.13C 

(C.13C) 

C.130 
l  C.  130 

0.130 

(0.131) 

0.131 
(0.131 ) 

0.131 
(0. 132 ) 

0.3  0 

-10.8 
(-10 .8  ) 

-11.1 

(-11.2) 

-11.5 

(-11.7) 

-12.3 

(-12.5) 

-13.4 

(-13.7) 

-14.4 

(-14.7) 

u  .60 

-5.2 
(  -5.2) 

-5.5 
(  -5.6) 

-5.7 
(  -5.9) 

-6.2 
(  -6.5) 

-6.  8 
(  -7.4) 

-7.4 
(  -8.2) 

1 .00 

-  1  .9 
(  -1.9) 

-2.0 
(  -2.0) 

-2.1 
(  -2.2) 

-2.3 
(  -2.5) 

-2.6 
(  -3.1) 

-2.9 
(  -3.6) 

1.40 

-0.3 
(  -0.3) 

-0.4 
(  -0.4) 

-C.4 
(  -0.5) 

-0.  6 
(  -0.7) 

-0.7 
(  -1.1) 

-0.9 
(  -1.4) 

1.80 

0 . 1 

(  0.1) 

O.C 

(  -O.C) 

-c.c 
(  -0.1) 

-0.1 
(  -C.2) 

-0.2 
(  -0.4) 

-0.3 
(  -0.5) 

2.30 

-0.4 
(  -0.4) 

-0.4 
(  -C.4) 

-0.4 
(  -C.4) 

-0.  4 
(  -0.5) 

-0.5 
<  -0.6) 

-0.5 
(  -0.7) 

2  .90 

-2.0 
(  -2.0) 

-2.0 
(  -2.0) 

-2  .C 

(  -2.0 

-2.C 
(  -?.C> 

-2.0 
<  -2.1) 

-2.1 
(  -2.2) 

3.50 

-4.8 
(  -4.8) 

-4.8 
(  -4.8) 

-4.E 

(  —4.8) 

-4.  F 
(  -4. P) 

-4.8 
<  -4.9) 

-4.8 
(  -4.9) 
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t  HACK  I  M'  SYS  T  f  M 

N  IGHT/OO-PLRCI  NT  II  F  LMSC -B2902OO-III 

WAVF  L  FNGT  H=  (MICRONS) 

ZT  N  IT  h  ANGlF=40.  (DIG.) 
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U  .  JO 

0.001 
(0.JC1  ) 

0.010 
(  C  .  0  1  1  ) 

0.C2C 
( C.G21) 

0.0^6 
( C.04C) 

0.067 

(0.070) 

0.096 

(0.100) 

0  .80 

0.008 
(  C  .00  8  ) 

C  .  C- 1  l 
(0.012) 

0.018 
(  C.020) 

0.032 
( 0 . C37 1 

C.  054 
(0.063) 

0.077 

(0.090) 

I.OU 

0.009 
(C  .009  ) 

0.013 

(0.018) 

0.01  6 
(0.021) 

0.  U?7 
(  0. C38) 

0.  08 2 
( 0. 054  ) 

0.057 
(0.075 ) 

1.80 

0.017 
(t  .C  17  ) 

0.C20 

(0.022) 

0.023 
( C. C26  ) 

0.029 
( 0.038) 

0.03  8 
(0.050) 

0.  049 
(0. 066  ) 

1.80 

0.C29 
(0.029  ) 

0.C3C 

(0.022) 

O.C32 

(0.038) 

0.  C  36 
(  C. 082 ) 

0.043 

(0.053) 

0.050 
(0.065  ) 

2.30 

0. 048 
(0.088) 

C.05C 

(0.081  ) 

0.081 
( O.C53  > 

0.  084 

( 0. C88) 

0.058 
(0.065 ) 

0.063 
(0. 074 ) 

2  .90 

0.081 
(0.081  ) 

0.062 

(0.C82) 

C.C83 

( o.ce8) 

0.C88 
( 0.C87) 

0.087 
(C.093 ) 

0.091 

(0.098) 

3.80 

0.  130 
(0.130) 

0. 13C 

( C.  131 ) 

0.131 

(0.122) 

0.  132 

( 0. 138) 

0.134 
(  C  •  1  3  8  ) 

0.  137 
(0. 143  » 

0.30 

-  1 C  .  8 
(-10.6) 

(- 

11.8. 

11  .9) 

-12.6 

(-12.9) 

-14.5 

(-14.7) 

-16.7 

(-16.9) 

-18.7 

(-19.0) 

0.60 

-5.2 

(  -5.2) 

( 

-6.1 
-6.2  ) 

-fc  .8 

(  -7.1) 

-R.2 

(  -8.6) 

-9.  9 
(-10.6) 

-1  1  .6 
(-12.5 ) 

1 .00 

-  1  .9 
(  -1.9) 

( 

-2.3 

-2.5) 

-2.8 

(  -3.1) 

-3.7 
(  -4.3) 

-4.9 
(  -5.9) 

-6.  1 
(  -7.4) 

1.40 

-0.3 
(  -0.3) 

( 

-0.6 

-0.8) 

-C.9 
(  -1.2) 

-1.5 
(  -2.1) 

-2.3 
(  -3.2) 

-3.1 
(  -4.4) 

1  .60 

0.1 

(  0.1) 

( 

-C.  1 

-0.2  ) 

-0.3 
(  -C.5) 

-C.6 
(  -1.0) 

-1 .  1 
(  -1.9) 

-1.7 
(  -2.8) 

2.30 

-0 .4 
(  -0.4) 

( 

-0.5 
-C.5  ) 

-0.6 
(  -0.7) 

-C.  8 

(  -1.1 ) 

-1 .  1 
(  -1.6) 

-1.5 
(  -2.2) 

1  .90 

-2.0 
(  -2.0) 

( 

-2.C 
-2.1  ) 

-2.) 

(  -2.2) 

-2.2 
(  -2.4) 

-2.4 
(  -2.8) 

-2.6 
(  -3.2) 

3.50 

-4.8 
(  -4.6) 

( 

-4.8 

-4.8) 

-8.9 
(  -8.9) 

-4.9 
(  -5.0 

-5.0 
(  -5.3) 

-5.? 

(  -5.8) 

M-80 


LMSC-B290200-III 


TABLE  6 


Listing  of  FORTRAN  Program  Used 
to  Prepare  Table  5 
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01  MENS  ION  X(5>,YI5),A(4),M4),WLl3)f7Hli2>  < 
1H(  2)  ,RZR<A),SHA».0<2f8J.PHH2.B>.r.«2fft). 

2SL6(  2,6*8)  f  E  AO  I  2  ,6,8) 


X(  1) 

Y  (  11  : 
XI  21 
Yl  2  ) 

X(  3) 

Y  (  3  1 
X<  4) 

Yl  4  1 
X(  6) 

Y(  5  1 
DO  10 


0.003 
0.276 
0.01 
1.00 
0.03 
3.12 
0.1 
8.30 
0.3 
18.03 
I  =  1  .4 


XL  =  ALOG ( X ( I) /X (  1  +1  1  1 
YL  =  ALOGIYU  )/Y(l+m 
XXL  =  ALOG IX 1 1  1  1 
B(  I)  =  YL/XL 

All)  =  YlllYEXPC- YL*  XXL/XL) 
r  nwT  TNllP 


WLI 11  =0.53 
WL( 21=0 .633 
WLI 3 1  =  1 .06 
THI  1  1  =  0.0 
TH(  2)  =  50.0 
STHI  11  *  1.0 


STHI 21=1 .556 


SLI  1  1  = 

0 

.0 

SLl  2)  = 

0 

.01 

SLl  3  1  = 

0 

.02 

SLI  4)  = 

0 

.04 

SLl  5  1  = 

0 

.07 

SLI 6)  = 

0 

.  10 

01  1.1  ) 

= 

0.1 

01  1  ,2  1 

s 

0.2 

01  1.3) 

= 

0.3 

D(  1  .4) 

= 

0.4 

Ot  1.5) 

= 

O.fa 

Dl  1 .6)  = 

0.8 

Dl  1,7)  = 

1  .0 

Dl  1  ,8)  = 

1.2 

01  2, 1  1  = 

0.3 

Dl  2 ,2)  = 

0.6 

Dl 2,3)  = 

1.0 

0(2,4)  = 

1  .4 

Dl  2,5)  = 

1.8 

0(2,6)  = 

2.3 

01 2,7)  = 

2.9 

0(2,8)  = 

3.5 

PH  1 1  1,1) 

=  1.001 

PH  1 1  1,2) 

=  1.009 

P  H 1 1  1,3) 

=  1.023 

PHI  1  1,4) 

=  1.050 

PH  11  1,5) 

=  1.145 

PHI!  1  ,6) 

c 

c 

m 

a 

11 

STHl ?  1  , 
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190 

180 


PH  I (  1 ,7  ) 
PHI ( 1,8) 
PH  1 (  2,1) 
PH1(?,2) 
PHI(  2  ,3  ) 
PH  I ( 2,4) 
PHII  2 ,5  ) 
PH  1 (  2,6) 
PHII  2,7) 
PHII 2,8) 
G(  1,1)  = 
G(  1  ,2)  = 
G(  1,3)  = 
G(  1 ,4)  = 

GC  1,51  = 
G<  1  ,6)  = 
G<  1,7)  = 
G(  1  ,8)  = 
G(  2, 1  )  = 
Gl  2  , 2  )  = 
G(  2,3  )  = 
G(  2,4)  = 

G(  2,5)  = 


=  1.514 

=  1.780 
=  1.004 

=  1.015 
=  1.037 

=  1.071 
=  1.121 
=  1.214 
=  1.382 
=  1.681 
0.0095 
0.036 
0.076 
0.125 
0.234 
0.339 
0.429 
0.503 
0.085 
0.324 
0.817 
1  .412 
2.013 


G(  2,6)  =  2.657 
G( 2,7)  =  3.174 
G(  2,8)  =  3.398 
HI  1 )  =  5000  . 

HI  2  )  =  10000  . 
R2RI  1 )=0.049 


RZRI 2 ) =0.033 
RZRI  3  1  =  0.076 
RZRI 4) =0.052 
00  100  K= 1 , 3 
DO  110  J= 1  , 4 
DO  120  1=1,2 
DO  130  L= 1  ,  2 
DO  140  M=  1 , 2 

RH0  =  0.8*SPRT  (HIM  )*WL  (K)*(1.E-06)*STH(L)) 

RZ  =  RZR(  JI!MWL(KI/0.55)#!M1.2)*(STH(L)  )  ^l  —  .6  ) 
SF  =  ( 0.55/WL IK ) ) *  # I  7 ,/6.  )  *  I  S  T  H  <  l  >)**< 11./6.) 

DO  150  N=  1 , 6 
DO  160  NN= 1,8 

A F= 1 . /(  l.  +  IDI I ,NN )*RZ/RHO  )**2 ) 

SI  =  ( AF*( EXP I4*SF*SL IN) )-l. )  +  l. )*PHI I  I ,NN)-1. 
SUE!  M,N,NN  )=0.25*AL0GI  S  I  +1.  ) 

ST=SLE( M ,N ,NN ) 

IF! ST .GE.O.l  )  GO  TO  170 
IF!  ST. GE. 0.03)  GO  TO  180 
IF! ST. GE. 0.01 )  GO  TO  190 
Yl=A<  1)#<ST-*B<1 >> 

GO  TO  200 

YL  =  A(  2  )=M  ST**B  12)) 

GO  TO  200 

Yl=A<  3  >  * ( ST I  3  )  ) 

GO  TO  200 


M-83 


l.MSC 


170  YL  =  A( 4)- I ST--8 <4  )  ) 

200  CONTINUE 

AG=  lO.-'ALOG  10  (  G  (  1  ,NN  )  ) 

E  A  G(  M,N,NN  )  =  A  G-  YL 
160  CONTINUE 
1 50  CONTINUE 
140  CONTINUE 

IF(  1  .EO.l  )  WR ITF ! 8,9  ) 

0  FORMAT l  1H1  » 9 X*  'STATIC  SYSTEM*) 

1 F (  1  .  EQ.2  )  WRITE (0*  11  ) 

11  FORMAT (  1H1  ,9X  ,  'TRACK 1NG  SYSTEM') 

1 F (  J.E3.1  )  WRITE (8, 12) 

1 2  FORMAT  t  10X,'DAY/50- PERCENT  ILF') 

IF( J.E0.2  )  WRITE ( 8 , 13  ) 

13  FORMAT!  10X , • DA Y/ QO- P E PC  ENT  I  L E  '  ) 

I  F (  J.E0.3  )  WR  I T  F ( 8  » 1 4  ) 

14  FORMAT!  10X  ,  ' N I GHT / 50-P ERC ENT  I L E  '  ) 

IF!  J  .EQ.4  )  WR  ITF ( 8 , 15  ) 

15  FORMA T l  10 X,  • N I GHT / 90-P E RC E NT  I L  E  * ) 

WRITE!  8»210)  WL(K) 

210  FORMAT !  10X, 'WAVE  L  ENGT  H=  ' » F5 . 3 , 1 X , ' l MI  CRONS )  '  ) 

WRITE!  8*2  20)  TH  (  L  ) 

220  FORMAT!  10X, » ZENITH  ANGLE =' »F3 . 0 » IX ,'( DEG .)• ) 

WRITE! 8 , 2  30  )  RZ 

230  FORMAT!  10X  ,' R-ZERO  =  •  » F5 . 3  ,  IX , M METER  )  •  J 
WRITE!  8,16) 

16  FORMAT!  10X,///  ) 

DO  231  NN= 1 , 8 

WRITE! 8,240 )  D< I ,NN  )  ,SLE ( 1 , 1,NN  ), SLE ( 1,2,NN ) ,SLE< 1 ,3,NN ) , 
ISLE!  1  ,4,NN),SLE ( 1 ,5,NN) ,SLE( 1,6,NN),SLE( 2, 1 , NN ) , SLE! 2,2,NN) , 
2SLE! 2,3,NN ) ,SLE( 2 ,4,NM ) , SL E ( 2 , 5 ,NN ) , SLE ( 2 ♦ 6 , NN ) 

240  FORMAT!  11X,F4.2,3X,6(3X,F5.3,1X),/,18X,6(2X,'(',F5.3,')‘),/) 

231  CONTINUE 
WRITF!  8,17) 

17  FORMAT!  10X  ,/  ) 

DO  250  NN= 1,8 

WRITE!  8,260  )  0 ( I  , NN  )  , E AG ( 1 , 1 , NN  )  , E AG ( 1 , 2 , NN ) , E AG ( 1 , 3 , NN ) , 
1EAG!  1 ,4 ,NN ) ,EAG( 1 , 5 ,NN ) ,E AG (  1 ,6,NN ) ,E  AG ( 2, 1, NN ) , EAG! 2, 2, NN ) , 
2EAG( 2 ,3 ,NN ) , EAG! 2 ,4 ,NN ) ,EAG (2 ,5 ,NN ) ,EAG ( 2 ,6 , NN ) 

2  60  FORMAT!  11X,F4.2,3X,6(3X,F5.1,1X),/,18X,6(2X,'(',F5.1,')'),/) 

250  CONTINUE 
130  CONTINUE 
120  CONTINUE 
110  CONTINUE 
100  CONTINUE 
STOP 
END 
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Of  Log- Amplitude  Variance, 
o  background  case,  for  both  bi-polar 


Altitude  (m) 


Suggested  Model  For  The  Vertical  Distribution  Of  The  Refractive 
Index  Structure  Constant,  C  2  ,  This  model  is  based  on  the 

temperature  probe  data  of  Koprov  and  T^vang*5  ,  on  near  the 
ground  laser  scintillation  measurements  of  Cn  ■  and  on  stellar 
scintillation  measurements,4 


BE 


Typical  Nighttime  Vertical  Distribution  of  the 
Optical  Strength  of  Turbulence.  (From  J.  L.  Button 
"An  Investigation  of  Atmospheric  Turbulence  by 

Stellar  Observations,  "  Master's  Thesis,  Un»v.  of 
Maryland,  1970.  ) 
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Average  Antenna  Gain, 
Avi'rajji'  antenna  gain  is 
shewn  as  a  function  of 
D/r0  for  a  static  and  for 
a  fast -i.  racking  optical 
heterodyne  receiver  or 
laser  transmitter. 

(G)  is  the  average  gam 
and  Cfc  is  the  free  space 
gain  for  a  diameter  r0  . 


Free  Spa  t  c 
Limit 


/  /*P  F*bl- 

//  <-■ — Tracking 
/  _  System 


i-irge  Diameter  // 
Asymptotic  Limit  u 


’Static  System 


Fig,  5  Noise  Modulation  Factor  4 
4  is  operationally  defined 
in  the  text  by  Eq.  (8),  g 

Results  are  shown  for 
both  static  and  fasULrack- 
ing  systems,  q 


"71 


Static  Sysion 
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Computer  programs  have  been  prepared  and  used  for  four  applications  in  the  laser 
communication  system; 

I.  Link  analysis  calculations  for  the  high-data-rate  system 

II.  Link  calculations  for  the  acquisition  and  tracking  systems 

in.  Calculation  of  fading  effects  caused  by  atmospheric  scintillation 
IV.  Link  analysis  calculations  for  the  low-data-rate  system 

PROGRAM  I 

This  program  is  designed  to  calculate  link  margins  for  either  high  or  low  data  rates 
for  any  of  the  six  links  considered  in  this  study.  It  can  also  be  used  to  calculate  the 
laser  pov.  er  required  to  close  the  link  with  any  desired  link  margin. 

_7 

The  bit  error  rate  used  in  these  calculations  is  10  ,  and  the  use  of  three  types  of 

modulation  is  available  in  the  program.  For  low  data  rates,  binary  polarization  is  used 
with  an  explicit  expression  for  the  signal  required  to  produce  the  desired  error  rate. 

For  the  high-data-rate  system,  calculations  can  be  made  for  both  the  quadriphase- 
shift -keyed  system  and  the  mode  locked  on-off  system.  The  expression  for  the  required 
signal  in  the  quadriphase  system  Is  based  on  the  Herrmann  expression,  using  the 
Chernoff  upper  bound  described  in  detail  in  Appendix  B.  (The  program  also  has  avail¬ 
able  the  option  of  using  the  Gaussian  expression,  but  all  data  presented  in  this  report 
are  based  on  the  Chernoff  bound. )  The  expression  used  for  the  mode-locked  system 
is  that  of  Bucher,  based  on  a  Chernoff  bound.  This  expression  does  not  lend  itself 
readily  to  obtaining  an  explicit  expression  for  the  signal  required  and  so  a  search 
technique  was  used  with  an  expression  for  the  error  rate  as  a  function  of  background 
and  signal  counts  as  a  basis. 

The  listing  of  the  Fortran  program  included  at  the  end  of  this  appendix  contains  sufficient 
comments  at  the  beginning  to  enable  the  reader  to  follow  the  logic,  but  a  number  of 
features  should  be  emphasized. 
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The  first  part  of  the  output  lists  all  input  parameters,  including  laser  and  antenna 
properties,  optical  properties  of  transmitting  and  receiving  elements,  and  receiving 
properties  such  as  integration  time  and  detector  quantum  efficiency,  as  well  as  all  the 
elements  that  result  in  degradation  of  the  received  information  (i.c.  ,  excess  noise 
factor  and  bit  detection  efficiency  loss).  The  second  part  of  the  output  is  the  power 
budget  calculation  in  logarithmic  units  with  the  resultant  calculations  for  either  link 
margin  for  a  given  laser  power,  or  the  laser  power  required  for  a  specified  link  margin. 

Included  among  the  input  quantities  are  estimates  of  the  range  of  uncertainty  to  which 
many  of  the  quantities  are  known.  These  are  converted  to  decibel  units  and  are  shown 
as  uncertainties  in  the  various  elements  in  the  power  budget  calculation,  leading  to 
an  overall  uncertainty  in  the  estimate  of  power  required  or  link  margin. 

Detailed  descriptions  of  the  terms  used  in  both  the  input  section  and  the  power  budget 
section  are  contained  in  the  link  analysis  chapter,  which  also  includes  all  equations 
used  for  the  links  and  for  the  statistics. 

PROGRAM  H 

The  acquisition  and  tracking  computer  program  is  a  modified  version  of  the  link  analysis 
program  in  which  the  signal  and  background  photoelectron  counts  for  appropriate  links 
are  calculated.  The  same  link  equations  are  used  but  the  calculation  procedure  for 
required  signals  is  different  for  the  different  phases  and  is  done  separately  from  the 
computer  program  in  phases  1,  2,  3,  and  4, 

The  comments  at  the  beginning  of  the  listing  describe  the  input  parameters  in  detail. 
PROGRAM  III 

The  atmospheric  scintillation  program  is  designed  to  calculate  the  effects  of  atmospheric 
turbulence  as  the  fading  of  laser  link  signals.  The  comments  at  the  beginning  of  the 
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program  describe  the  method  of  use  and  the  meaning  of  the  input  and  output  parameters. 
This  program  has  been  designed  as  a  module  that  can  become  part  of  the  link  analysis 
program  for  calculating  the  laser  power  required  or  the  link  margin  for  laser  links 
that  have  a  path  through  the  atmosphere.  As  it  now  stands,  it  is  used  to  calculate  the 
photoelectron  signal  count  which  is  required  to  produce  a  bit  error  rate  of  10'^  for 
given  atmospheric  conditions.  The  program  can  be  used  for  either  binary  polarization 
or  quadriphase  modulations.  The  probability  of  error  is  calculated  by  integration  of 
the  appropriate  probability  density  function  multiplied  by  the  log-normal  distribution 
function  as  described  in  Section  1.  A  starting  value  of  required  signal  is  used,  the 
probability  of  error  Is  calculated,  and  the  values  of  required  signal  are  successively 
adjusted  until  the  probability  of  error  is  10“  within  about  2%. 

The  input  parameters  are  modulation  index,  modulation  type,  background  count,  and 
log  amplitude  variance  of  signal  fluctuations.  The  probability  density  functions  used 
are  the  Herrmann  expressions  for  the  Chemoff  upper  bound  for  the  quadriphase  case 
and  the  Bucher  modified  expression  in  the  binary  polarization  case. 

PROGRAM  IV 

The  Low-Data-Rate  Laser  Link  Analysis  Program  computes  link  margins  for  a  20- 
kbit/sec  command  and  range  determination  link  using  the  following  five  candidate 
system  approaches: 


System  Type 

Wavelength  (um) 

Laser 

Modulations 

1 

0.89 

Semiconductor 

M-ary  PPM 

2 

0.63 

HeNe 

CW,  Bipolarization,  PN 

3 

1.06 

NdrYAG 

Bipolarization,  Pulse 

4 

1.06 

Nd:YAG 

Bipolarization,  Pulst 

5 

1.06 

NdrYAG 

CW,  Bipolarization,  PN 

Early  system  tradeoff  analysis  determined  that  System  Type  2  was  the  most  desirable; 
consequently,  all  published  low-data- rate  link  calculations  are  for  the  HeNe  laser. 
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To  facilitate  computation  and  the  updating  of  the  program  with  new  values  when  re¬ 
quired,  a  time-sharing  computer  system  was  used.  This  permitted  many  parameters 
to  be  entered  from  the  terminal,  with  results  immediately  available.  The  programing 
language  used  is  TYM SHARE  SUPERBAS1C. 

The  program  computes  link  margins  (defined  as  the  received  photoelectrons  per  bit 

_7 

minus  the  required  photoelectrons  per  bit  for  a  10  bit  error  rate,  both  in  decibel 
notation)  for  specific  link  configurations  (ground  terminal  to  synchronous  relay  satel¬ 
lite,  synchronous  relay  satellite  to  low  orbit  satellite,  etc.).  The  detection  statistics 

_7 

used  to  compute  required  photoelectrons  per  bit  for  10  BER  are  based  on  Bucher's 
formula.  In  cases  where  the  link  passes  through  the  atmosphere,  a  turbulent  air  loss 
factor  based  on  Fried's  work  (Appendix  C)  is  included.  The  Bucher  formulas  (Vol.  n, 
seciion  1.4.  3. 2)  used  for  each  system  type  are  shown  below.  The  symbols  are  de¬ 
fined  below. 

P£  =  bit  error  probability 

rT  =  transmitted  pulse  width  (bi^  period  for  cw  laser  case) 

=  receiver  gate  width  (when  applicable) 
f^  =  laser  repetition  rate 

fy  =  data  rate  (bits/sec) 

M  =  M-ary  constant 

k  =  data  words  per  range  pulse  opportunity 

B  =  mean  background  photoevent  rate  of  an  ungated  polarization-insensitive 
receiver  with  the  same  aperture  and  efficiency  as  the  actual  receiver 

S  =  same  as  above  but  for  signal  photoevents 
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System 

Type 


1 


3 


4 


D 


Bucher 

Equation 


Ancillary  Formulas 
Used  With  Bucher's  Equation 


PR  -  exp  1  -  S  E^,  ]  E^. 


E„  - 


Sr 

-  1 
Sr 

1  +  -j—  +  1 

DTR 


Id 


2  x  10  bits/sec 


(k  +  f> 

fR  =  fd  k  log„  M 


3  x  10 


tr  2  rT 


P  <  -5  exp  [  -  S  rT  E 


T  C’ 


f1  +  2  i  -  1 


PE  "  I  eXP  ^  SK  7T  EC- 


tt  =  ^  =  5  x  10  °  sec 


SN  t. 


fl  +  2 


BN  r, 


-  1 


R 


/  SNtt 

f 1  +  2  BN  tr  "  1 


TR  "  2  tT 


PE  =  exp  l  -  2  S  T  E 


T  C' 


N  =  number  of  data  pulses 
per  bit  period 


\Hf 


l+i  * 1 


Same  as  System  Type  2 
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LMSC-B2M200-41! 


I  V 


r  *  \-s 


M A l NPuN 


n  a  1 1 


1  C  /'-))//  i 


i  me 


14.26,44 


l  <*i 

I  '>* 

1 

2  1*! 

1 


F  ■.  I  k  M  /•  I  (  •  < 
l-flrt  ^  A  T  (  *  - 
FORMAT  fl 
F  Gii-i  A  M  *  i 

*  I 


22  0 
>  K. 
2  4  0 
2>W 

270 

200 

L 

2  JO 
2MI 
242 

2  vi 
31'  0 

3  '.l 
3U 
312 
3l«. 
ilfi 
i  ly 
)2  ;• 
3  2  2 
32*. 
32.5 
32/ 

7  32  7 
32ft 
432ft 
32  4 
330 


FORMA!  (  3x 

FORMAT ( 1 X 

format  1 3x 
fCkmai <  3x 
hu  3  at  {  3x 
er.kVM  <3* 
F I'XM  A T  (  3X 
f CRMAI { 3x 
f  Orf*  AT  c  3 X 
F  Ok 3 A I ( 3  X 
fllftMAT  ( 3  X 
FORM A  T ( 3X 
FUkMAI  I  3* 
F OHM  AT (3X 
F  Ok  M  A  T  (  3  X 
hCIRM AT l 3  X 
f  JMMI3JI 
FCkMAT I 3X 
FORMAT ( 3X 
FORMAT  <3X 
FCikMAf  (  3X 
FORMAT OX 
FORMAT I 3X 
F  Lk  F'  AT  (  3  X 
FilR MAT  l  3X 
FORMAT ( 3  X 
M)** AT t  3 X 
FCK.  UT  J3X 
FDKMAH  3  X 

m* ) 

32  FOkm  AT ( 3  X 
FORMAT l 3  X 
FOkMATt 3  X 
FOk^ATl 3* 
FORMAT ( 3X 
F  C  R  u  A  T (3X 
F ( j k *'i A T  (  3X 
FORMAT  I  3  X 
F  0  A  3  A  T  <  3  X 
FDrM  AT  (  3  X 
FORMAT ( ' 0 
F  0  K  ■•»  A  I  (  *  C 
F  C  RM  AT  {  *  C 


333 

334 

335 

336 
334 
330 

352 

354 

35t 

330 

3h2 

300 


,  f  M  .  4  , 


MICRONS 


4,»  WATTS*! 

NANOSFC  1  ! 


2  Cl. *33  111  AU  »  1.0  H  U  A  I  A  K  AT  t  *  I 
20X,»AI  TC  53#  L  Ow  I1A|\  k  A 1  F  •  ) 

*  .iACkOxOONJ  •  ,«.\A  ,•  HGJUl'A!  ION  »,5A41 
2  a  ,  «  L  \*>r  K  WAV  L  LL  N--j  t  H  * 

OJ  T  #*u  T  PfwFk  -AVERAGE  •  ,FR. 

kill  5>  *  i  Cl  H  1  »F  12 .4  »  1 

k.  c  p  I T  1  T  l  C  N  H  A  I  f  1  »  F  e  . 

P»:  AX  P()U  fcR  •  ,M. 

HIT  I  \K.)R  K4I  t  OY  10  in  -?  *  ,KH» 

DATA  ft  A 1  F  *  ,  F  0 . 4 

•MOGUL  A  f  I  ON  I  NOT  X  «,F8. 

EX  r  INC  UlM  HAT  10  •  »  F  B  . 

XMTk  ANTENNA  0  t  AMt TER  *,FH. 

xmtr  antenna  oeamw lor h  *,fio.4 

CFFICTIVf  AN  f  e-NMA  DIAMETER  *#F«. 

IWHI»  UEAMWlDTh  ',F6. 

ANT  f.  SNA  EFFICIENCY  *,FP. 

I  LIU  RINAT  ICN  E  ACTOR  ■  ?F0. 

CPUCAL  TRA^S M|TT  ANC  £  *»Fe. 

POINTING  ERROR  F  AC  1  OK  *,FP.. 

RCVfi  ANTENNA  C  I  AMT.  T  FP  *fFrt. 

anTCNNA  EFFICIENCY  *.F6, 

OPTICAL  TRANSMITTANCE  ',re, 

F  ILT  tK  ft A  NOW  I DTH  1 »F0 . 

F  I  EL  0  OF  V  IFW  *  »  F 10. 

OfcT  OU  ANT  LI  M  EFFICIENCY  *#F8. 

EXCESS  NOISE  FACTOR  *,Fe, 

ft  I T  DETECTION  EFFICIENCY  *#F8. 

threshold  loss  factor  *,f8# 

I  NT  E  GR  AT  ION  TIME  •  ,  F  l  2  .  4 »  * 

INTEGRATION  TIME  ' » F L 2  •  4 » ' 

GATE  TIME  *  »  F  i  2 . 4  # • 

HACKGRO’JNO  RADIANCE  ',F3. 

OACNGROON)  PE/  iNTc'GKATI  ON  TlMl«rFt2.4l 
HACKCROJND  PE/INT  TIME-EFf  SF12.41 

PECUIREJ  SGNL  PE/INI  TIME  ',F12.4) 

RECEIVED  SIGNAL  PE/INT  TIME  *,F12,4| 

RANGE  1  #F i 2  #4  # •  KlLOMFTERS»l 

RECt  I VEO  PE/  l  NT  TIME  Ef-F  »,F12.4I 

ATMOSPHERIC  ADS04  3  T I  ON  FACTOR  *,FB*4) 

atmospheric  VARIANCE  CL  »»F&.4> 

COHERENCE  niSTANCE  *»FB*4> 

ACkOSPHcRlC  TRANSMITTANCE  'fFe.^! 

2 sx » • l I nk  margin  calculation1) 

2 5 X  i  '  POWER  GUOftF  T  CALCULAT  ICN* ) 

4  7  x  ,  T*,H  D3  UNCERTAIN!  Y  I 


KCPS*  I 

WATTS* ) 

MOPS* l 

Oft* ) 

ME  TFRS* I 
M  ICRORAO* I 
METERS*  I 
MICRORACM 


METERS* I 


ANGSTROMS* I 
MICK  OR  AO* ) 


4,  * 

4,  * 

4  ) 

,  » 

4  i 
4,  * 

4,  • 

• 

• 

4  .  ' 

4.  ' 

<,  l 
4  t 
4  ) 

4) 

4,  1 
4  ) 

4) 

4,  « 

4,  1 
4  > 

41 

41 

41 

NANOSEC  •  I 
M I CftOSf  C  *  > 
NAMOSEC  •  1 
4,<  w/STEft-A-SO 


400 

FORMAT ( 34 M 

LASER  PQrf  F  R 

.F  t.  1  , 

*  DRW* 

.9X.F5.il 

405 

FORMAT i 34H 

TRANSk  ITTER 

L  CSS 

*  F  6  >  1 1 

*  Dft  ' 

•  8  X . F5 .  11 

410 

FORMAT (  34  H 

TRANSM l TIER 

ANTENNA  GAIN 

.  F  b  .  1  , 

•  Dtt  * 

,9X  ,F5 .1  1 

415 

FORMAT ( 34H 

f>0  IN  l  1NO  LOSS 

|FA«1» 

»  DB  * 

. 8  X . F5.lt 

4  20 

FORMAT  ( 34  H 

SPACE  LOSS 

.fa.  i, 

•  OH  « 

.AX.F5.il 

425 

FORMAT ( 34h 

ATHCSl’HElUC 

LOSS 

,F6.l, 

•  UU  * 

, AX.F5.il 
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IOCVHICO  MISSILES  i  (MCE  C0MF1NT 

A  oioul  OIVISIOH  Of  lOCmllO  AIICIUI  COIFOtAtiON 


LM8C  -B290200  -III 


AN  IV  IGON-FO--*.  I  I  4-  ■> 


I  0/  C  4/  7  l 


1A.26.AA 


rUK'HI  I  3',lt  RLLI  IVIA  ANttNNA  GAIN 
[OMJIt  l'.H  HLLtlVcM  LOSS 
F08’'.M  0'.M  Kltl  lvli)  PIWLR 
F  Q  RN  1 1  <  4A3-  Rl  T  PLR  IUO 

FORMAT  (  4AI-  RCCttVlil  FUFRoY/INl  I  l«l 
FORMAT (JAM  tNERGY /Rrv.l  Ti  )N 
fc'kmaii3ah  ntcnvui  hiv-ii  ous/ im  mi 
HIMAII  34H  OUAMI.X  i  FMCUAn 
FOKMAI13AH  EXCtSS  VII  SE  FALTnR  I  lISS 
FCRMAI13A34  air  UFHHTON  IfRlCUNLY  HISS 
F0HMAT13AH  TRRESHCL.I  SLI  I  IW1  Lfl'jS 
rOR,MAT(3AH  A  T  MflS  PmV  K  l  C  IUR13ULLNLI  LOSS 
FORMAT  I  1A34  RCCEIVL)  l>  3.  /  1  M  T  U  Mt 
F  ilk.M  A  1 1  3  A  H  RFGUIR30  Pfc/INT  TIME 
F OHMAT I 34H  MARGIN 
FORMAT l 3  AHQMAR  GIN 

FORMAT | 3AUCSIGNAL  RE  CO  -MILL  (MI  CROW  AT  f  S 
FORMAT  (  3 a H  SIGNAL  RtJLIRFO  -Dow 
r UkMAT l 3X , • CFS I  ON  MARGIN 
FORMAT!  1AH  laser  ROWER  RFJUIR6C  -WATTS 
FOrMA  II  3AHCLASER  P.lKrR  R  E  GU  E  RLt)  — JrtH 
FORMAT  I  3AH0LASF.R  POWER  AVAIL  AftL  L  wATIS 
FUR  a  a  I  (  3  AH  LASER  RISER  AVAIL  A  RLE  -DEW 
FCrMAT  I  AX»FlC»A,2X|Ft>.RfF  10.2  ,  4X  »  F  6 . 2  ,  A  X 
F'J*MAf( 13,13,13,133 
FOR«A f l 5A4 | 

FORMAT  <  SA4  ,5X  ,F6 .2  I 

FORMAT  I  4X.F10.A  ,  2X.F6.2,  FLJ.?,4X,F6.2, 

F  C  RR  A  I  I  F  1A.A  ,2<  ,FR  .  A  ,  2X,  FA.'.,  2X,F«3.4, 
FORMAT  <6X  ,f  6.2  ,  4X,F  <i.2,4X,F6.2  .4X.F6.21 
FOMA  ((8X,Pfc.4.2X,Fa.4,2X,F6.2) 

FORMA  T I  7X,F6.3,4X,F6.3,3X,FIG.6,  FA. 2, 2 
READ  I  l  ,645) A  ?  ,  AV  ,A<  ,  A-..AV 
RE  AO  I  1 , 5401  61  ,  PY  ,I3X  ,  i)W,BV,MRftcKR 
RE  AO  I  1 ,  5  A 1 3  1  ,  J.iS.KPLS 
P.F.AOI  1  ,  SAGIPLA  fOM,RNOK,  PTF  ,  A 8 
RtAOl 1 , 5el  I  PTFtR, AUCk 
I  RE  AG  (l  ,  550  3  CRATE  ,  ALM33A  ,  T  AU  ,  A  MOO  ,  T  AiJT 
I  REACH  ,S601ALH.AU,CL.RC,  TXRMVT 
READ! I ,561 )ALBCR,AIGtR 
RhtOI  1  ,S7C3EFFO,FO  .RRDWTH 
I  R  E  A  J I  l  ,  5  61  IEFFUFR  ,FOKR 
I  RtAOl  1  ,  5R03CTR  ,CrE  ,EFf  T,  EEFR.TlIl  FM 
.  RE  AG  (I  ,561)EEFTER,CEI  RER  ,  TltFFER 
!  PC  ADI  l  ,  Shi  3  TTR  ,  TREE. ,  UCCF  ,  A  IMF  AO 

RE  AC  I  1,5613  TT  KFk  ,  I  kEFr  ,  BTEFR,  AT-MFOR 
I  IF  I  1-61  665,6*5 ,66? 

!  ’READ!  1  ,5603  PL  SW  Til  ,  RE  PR  T  ,  PK.PWK  I 
i  COMIhue 

,  IFIR-71  66a , 66  7,668 
r  RE  AO  1 1,560  I  T  CA  T F , T  SLF 
1  CONTINUE 
3  PXPhh-PRPRR I 
l  RNG  =  I  0  00.  *RNGk 


6. 
,t  6. 

.31. 
.1  t. 
.1  F. 

.  I  F. 

,3  F. 
.16. 
.16. 
,  F6. 
,36. 
,36. 
,Fh. 
,36. 
,FF. 
,Ft. 
,FIC 
,3  6- 
■  ,f 
.Fft. 
,3  6. 
,35. 
,  E  6  . 
,E  10*61 


F12.4I 

FIG.AI 


X.F8.2) 


l,  1  2  X ,  F  5  . 

.A  ) 

l , 12X.F5. 
5.  It  • 

33 

1  ,  1 2 X , F5  . 
',  3 

1  ,  12X.FS. 


,M«.f  5. 
,0*,3  3. 
,  a  *,  f  s . 

,  6  X  ,  3  5  . 
,  3  X  ,  F  6  . 
,ftx,  FS  . 
,  8  X,  F  5  . 
,RX,F5. 
.  9  X  ,  F  5  . 
,  BX,F  S. 
,  H  X  ,  F  5  . 
,  8  X  ,  F  5  • 
,  ft  X  ,  F  5  . 
,  IX,  F5  . 
,  H  X  ,  F  5  . 
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tOCKHIIO  MISSIICS  4  J^ACI  COMPANY 
A  O  I  O  u  3  DIVIHON  0»  IOCIHMD  AIICtAM  tOMOMI'O" 


LMSC-B290200-II1 


4N  IV  180N-FO-47,  3  4  MUNPGM  DAfl  17/03/71  IMF 

7 02  ImIF-ThI  i-m/ ICOOOOO. 

703  AlMDMAl  “rtl!A/l0000QU. 

710  „LP|K=ALMCM/(  12.8664*MNG  1 
UL  SPL*WLP  I  K»«LP  |H 
7 i  :  iPti.'j  I  0  .♦  ALGO  10  (  SPL  ) 

74  1  EMM  Cl*.  <LC.  »Al  i  V.  i  1  U  ( f  t  l-R) 

7M  IM  4  l  »-M  G  l  7  (  *  F  ’  <  *  „  1 

75  .  I  1  -v  ■''.*.  1*1  .  *  Al  -,!C  I  ill  I  I;!  1 

It,  )  I  T.-.ERO  =  1  0  .  *AICG1  0  (  I  TKERI 
7  7)  TKICLiU  1  0  .  *A|_CG10  Ilk  EC) 

780  IRtCCO* 10.»ALGG10(TREER) 

7al  RCL$0B«fcFFRnH*TRECDO 
787  KCLSROEFFRECyTREEDB 
lFtn-7)  785 i 783 i 785 
783  TSLFLB=  lO.*ALOGlO(  7SLF  I 

7  8  5  CXTR-2  .  /  (  l  .C00031-AMGU) 

7h.i  FXIRFl7*LC.«AlCG17(IXTR) 
t'i?  rnr  r  =  r  admw/i  ccocoo. 

74  >  If  l|-(i|  800  ,hOO.  8  10 

■'0  3  vANT  =  C  .  8  2M.  I  4  1  0«  3  .  14  18»0  TR»OTR/  (  AL  BOM  «  ALMOH  I 

80 1  GO  70  81  1 

din  gant *1  o.  3/ nm t*thtt  i 

“ll  G  V,TCt*=  1C.  CALOGIOI  GANT  I 

rtlo  GF  AC  =  3  . 8  2 

U7  G7...  r  1  -GAN7/GFAL 

li  3  GN  I  I  l>-3=  1  C.  •ALCG10I  CANT  I  I 

8  17  ■.;F»:rH*  I'J.  *  ALTul  CIGF  AC  I 
821  hififl  l3*1U.’4LCG101sFFT| 

873  fcFFTFO- 1 C.*ALCG1Q(EFFTER ) 

8? 4  T  XL  5178=  EFFT03LTTRDIIFGF  ACCS 
*25  IXlSk'O^LFFHCHTrcRG; 

MO  Xi!M  (C.  7u54=7H  rF«ORF  )  MC  .  7B5  4  *  T FiTF  *0  RE  1 
Ml  ADR  I  =  (  C  .  7  7544  OKF  1  *  (  0  . 7854  »DhF  1 
S32  IF  (  <~  7  >  880,833,840 
6  33  ON  I  3=1  .<7875/1  ALM GCA*T GAT E *R30WTH 1 
MS  G  TO  85  1 

4>)  KIT  B=  l  .  0  87  5/1  ALM 80 \*  T.\U*k OORT H) 

P5  1  FI'oUM0.*AC0C10l  l./FO) 

H52  dCErC8=  10 ,*ALCG1 C( ODEF  I 
MS  B  )FrRO=  LC'.»ALCGl  JIBDEFR) 

801  FQFkCD=  10  .•ALCGIO(FJER) 

C  XL3  A  NO  A  1 8  GIVEXl  FOR  BANDWIDTH  IN  ANGSTROMS  NOT  MEIERS,  SO 

C  FACTOR  OF  10  TO  1C  IS  REC'UIHFO 

FM  aitm.cfmo 

“70  AXI=Urt*ATT  *XOReTR£C*Eri|*  EFFU/I  HNTB*Fi)l 
8  dO  AK'EM  =  ALBER*CFFDLR*THTFCP*rHTFEK.*FI)LR 
Ml  AA)0  =  AKR 
'771  CONTINUE 

503  iriK.Fi..7)  GO  TO  5523 
C  X=4  MEANS  OF  HERR71ANN  EXPRESSION  FOR  A*S 
405  IHK.E&.4)  GO  TO  019 

008  1  F  (  1-8  1  OK  ,010. 915 

010  AKS  = I  54 .22/1 AMCO«AMOU) I  *  1 1 . *SOKT t 1 . +AMGO*AMGD *AKD  /27.L1) 

911  AX  Sx= (  54.22/  (  AMOO»AMCDI  1  *  (  1  ,  ♦  S'JR  T  ( 1  .  ►  AMO  C*  AMC0*AK3E  K/ 2  7  .  I  1  I 


14.28.48 
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lOCKHICD  MISSIlCS  A  *  P  A  C  I  COMPANY 
A  OIOU,  OlVIllOH  O,  iOCKHfCU  1 1  •  C  I  A  I  T  COHOIAtlON 


LM8C-B2&0200-III 


I  I  V  lvl.VH-»N  1-5  MAINPGN  l)»U  IC/C.  5/71  TIME  14.26.48 

l  4  GO  It)  9  1  M 

>ii‘<  as s  -t  is 1  *  1 1.  *Sv<i  i i . ••AK.ir.»AML',’4AKa  /r./?n 

■111.  \HiH-  (  IS.  MM/  (  AM.)')*  A  MOD)  1  »l  l  .♦  sgvl  !  I  .  -.\Mtll'*  AMOO  »AK  :U  2/  ?  .  72  I  I 

•.  I  -)  L  OM  1  NO  l. 

Gt:  TO  525  9  1  B  1 

■Ml  AfOft  -  \  wt;D»  AuilU*  I  l  .  *  AMI!'*  AM'.)!)/ 6  .  | 

'ij">  An  >  -64 . 4t)»  I  1  .  4N  .-(11  I  .  4  .\K.H  »  AMD  1  11/  !  {  .  .'A  1  I  /  AHG4M 

■  2  1  AllSX-6'.  d  *  (  l  .  4  iQK  I  (  l  .  *  A  KOI  t  M*  AM  ,1  M/  )/;  ..'4  )  )  /  A. ML  4  H 

92  2  I'.O  TO  9  2  c 

C  IMIS  MODULE  15111  III  119  0)  C'MItjIAIlS  l>5  KIU>I*»C  H!K  MODE 

C  LOOM'.  LASER  4ilR  10  l'l  -7  till  LRIUR  ri  A  T  f  US  I  MG  C  HI'.  UNDE  F  HOUND 

C  EUR  UN  OFF  MODULATION  ..  s  OfSCvtllUU  |l  V  i'ljCHED. 

L  PR  lit".  At)  1 1  l  T  Y  L  f  fKKUrt  IS  LAI  OIL  AT  CD  I'M  A  5  TAR  I  IN-,  VALUE  OF  <S  AND 

C  C  A  LG  GL  A  T  hi)  VAUJE  OF  Ml  AND  VALUE  Of  Kb  Is  SUCCESSIVELY  MOOIFIFO  UNTIL 

C  CALCULATE  0  VALUE  OF  PKUMAn  I  L  1  IT  OF  IkR'Ik  IS  f)  L  T  K  t  F  N  10  TO  -7  AND  10  TO  -7.5 

C  AN  0  IHFN  LOGARITHMIC  E  *  I RA  POL  A  I  l  ON  Is  OStO  TO  FIND  VALUE  OF  AS  REQUIRED. 

‘■vva  l*i 

v><!)  AK  S  l  ■*  AK  3  4  16.3 
S  '?',  L  aL  *  l 
9,3  1  r.H  IF  594C 
59)5  AKSl =  A<S 1*1.5 

5D1  i.)  in  5110 

S  )  i  7  A<S1 *AKS 1*1 .  I 
so  il)  GO  TC  5 9a  0 
5  i)u  A*5l  =  C.7S*AKSl 

5  94  0  ALPHA  l  5  I  1  .  *  AK.3/  ANSI  1  *  ALOOi  1  .  4  AKs  1  /  AKH) 

S  ib  0  ::E  I  A  la  1  .  -  <  ALOCI  AlPr-A  l  1  I  /  AL  PM  A 1  -  1  .  /  AL  P  HA  1 

5  96  3  PELM1=CXP(— (AKSl+AKH 1*36 f All 
5S?'0  P6LM  1L  -  A  LOG  101  PE  LM1  I 

',930  PU  --P  E  L  9  l  L 

5>rll  IF  IP  J.GT.  7.51  GO  10-5)39 
5)3?  If  IP  J.  LT  .  6.  1  GO  TO  59  35 
sin)  1FIPG.LT. 7.)  GO  TO  593  7 
599s  IFlFC.tC. 7.1  GO  TO  6140 
;S35  IFIPC.GT.7.1  GO  TO  600C 
C-Li'.C  A*  S2  =  C  .  n*AK  S  L 

60s1)  1LPM  A?  -  (1  .«  AK3/AKS?  I  *AL0G(  1  .  4-AKS7/AK0  I 
!,.;Si,  ilF  1  A  2  s  1  AL  jGi  A I  PI  17.  ’  1  1  /  Al  PH  A  2-1  .  /  AL°HA3 
.'.60  PEL1-'  ?  =  F  IP  1  -  1 A  K  S2  ♦  AKo  M3E  TA2) 

'..'7  3  PEL  M2L  *  A  LOG  l  0  I  PE  L  M-2  1 
.090  CLNIINUF 

h  IGO  SLOPE* I PELM1L-PEL  8H  >/( AKSl-AKS?) 

;110  AKs  J*AKS2-(PFL  41L4  7.  )  I /SLOPE 

I  IPO  AKS-AKS3 

o I  2 l  AN )X- Ak  s* l .C5 

a1:j  GO  IC  CISC 

l  140  AKS=AKS1 

M  41  4KSX-AKS*  1.C5 

6  150  Cf.NTINLE 

6151  IF  IL.EU.2I  GO  Til  6160 

'■162  AKF,=  AK3  4  AKS/EXTK  y 

6160  IF(l.EO.l)  GO  TO  5923 
925  AKsvi  j-AKS/ JDEE 
920  AK2h «= AK Sx/AKS 
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LOCKHtfD  MlSSllfS  &  S  *  A  C  £  C  O  <*  f  A  N  t 
A  OlOUf  OiVtJlON  OF  lOCiHIID  A  I  I C  I  *  M  COIPOAaIiON 


LMSC  -B290200-ID 


IV  IbO  E-rU-'.  7  9  a-s 


M A | N  PGM 


l>& I  C  l  C/C  4/71  TIME  14.2b.4K 


>»)■..  IATM*Ali 

9  40  f  A  IML'b-  l  C.»  ALLG1C  (  A  A  I 
14;  1M1I  I  =  l  C.  ♦  ALUGIC  I  AG  Hi  I 
ShC  P  IP  IIH=  10.  •  At.  UCIOI  i>t  I  ) 
lol  PtEfH|:-lu.»ALCCl  JtPH-F«l 
•1/0  I  .HP  I  F-- C  .IS  »  ALMUCA/DIR 
.'004  AA"^=1. 01-01 

G  !—  NO/1AU  IS  .1987S,  SIJ  USING  .11  >1 7  4  0 IV  t  S  P()W>  H  IN  MILL  I  Ml  CROHATTS 
2-Vc  II  (4.  to.  7  I  GL  TL  20  IS 

2110  PrU  '.=  AN  S»C.  198  IS»Fi>/  I  I  FF  D»t1JI  I  •  A I  P*HUrt»l  AUI 
J'MI  GO  If  201  A 

2  0  1 1  Hi  Ji  AKS*0  .  L 18  7SVHJ/  ( t  F  r  C*80Kf  »AtMi*nA  *T  AU»T  SLF  I 
2-Hrt  Pr!iJIJH„  =  l0.*ALCG10|PRF3»AMMVi| 

2020  PEL  Of  R  =  Ax  SLR*  FL'FR»LF  f  llfK 

2o2  5  A  AN  T  =  A  .  14  16*1.  1  A  14*0. At  *  □  8  F  /  (  AlMOM*  AL  M  CH  I 

20  Ar  £  TAG  =GAN7*SPL  *Trrl*rKC  C*  I  ATM*  EEfRvPTf  ♦LIFTER  ANT 
2040  PLRG*APMv.*PREC*OP/FT  AL 

2 0** i  PLKoaw  =  io.«ALCGio(HLHat 

2042  f  TALER  =  t  F  F  R  E  R  •  T  T  RFR*TRCE*\*AnER*EcFT  EP 

2  043  PLRFk*PKEQFR*ETAlEk*iJi.>EFK 
2044  PLR  tk  J=  10  .  *A  l  CO  1  C  (  PL  HE  R  * 

2C5C  A1AA  =  PLA«tTAL/(PRFjM»»Mwl 
2  CS  1  PLAOt's  10.*ALOC10  I  PL  A ) 

20S2  AMAk  r  !•-  II. *  ALCGIOI  AAAR1 
2052  ANrCF =PKloCR *FTALER 
2CS4  AMKlRf>  =  l0.*AL0010IA'lHtR) 

21  EC  |\-lE'jri*  =  A1415VC./S0»MGANr» 

2  0  •'  2  CM3t*lO.«ALCGl01!)K: 

2034  PLAPlS  =  PKPEK»IAuT/TAu 
2CH0  IFII-AI  2091 .2091 ,20d8 
2>R  R£CPWR*PLAPLS*EIAL/OM 
2  OH 9  GC  TC  2092 
2'J*‘  1  KEGPrksPLA*ETAL/OP 

2  C  o2  REC‘>E  =  RECPWK*EEFO»AI.MrtOA*TAU/tC.  1987  5*F0»AM'TR| 

2C-S  RECPfFskECPC*8DEF 
2122  CONTINUE 
2  2  S'.'  CALL  CMC!  CAT  fcl) 

2 so o  rAuL'.j=  io.»Ai.ncic  ( t  au*am'iw) 

2j10  IF(I-.'i)  2A40.2S4C.2A2  0 
2  3  20  El)IR>  l  .;>2l  *Al.K80A/1XdHM 
2  SAG  CO  TO  2A4  1 
2  j40  £  C  T  R  -0  T  w 
l: '4  1  CONTINUE 

24J1  .<  r,  ,s  T  0  0  =  1  C .  *  A  L  C  G  l  C  ( R  Ai  r  I 
2-OS  IF  (J. Fi).  II  GO  TO  24  10 
24C4-  GO  TC  2420 

24  10  PREL 08= °L R D 3W*  IXL  SIMpGNT  I  00  »  P  T  F  99  »S  PL  DP*  T  A  T  MOB  t  R  CN  T  UB*RCL  SOB 
2  .  IS  GO  TO  2421 

2  2  o  ?REC<;H=PL»Ce*TXLS0J*CNTl08*PTEL)'J*SPL0o  +  TATM0A«RGM0l3  +  RCLS0B 
242  1  PVCRC9--TXLSRC«PrFfHJvTATMECvRLLSR0 
24AG  R  ELL'E  =PR  ECHB  4TAU00 
24 32  KF3<Lf)-PkCRO0 

244.0  HSU-  11M.  »S«AMMW«AP.9K*AMNW/ALKDN 
244  1  F  PPljB  - 10.* AT  OTIC! H9U I 
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IOCKHEED  lUISIlll  A  SPACE  COMPANY 
A  0»OU>  DIVISION  OP  lOCfHliD  AllClAM  C0»»0*«1l0« 


UdSC-B2&Q200-ni 


,  IV 


ll  OM-tU V>  '-■> 


“A  l  NPCM 


oau  11/03/ n 


T  IMl 


IA  .  26  .  *8 


t>  V>0 

if.  V 

•u.  » 

<  *  ■*, 

*W  '» 

2<%  ?  3 
i  -a  7  l 

£  »  >»*> 
t1  **  <# 

*«S  *> 

3*5  l‘l 
SSd 

u.ro 

10  l  0 

101 1 

ICAO 

IGSO 

lOoO 

1070 


V  J9C 


5)t)  ♦  T  M  f  Crt 


110 
1110 
l  120 
l  1  K 

l  1  AO 

\  1  00 

1271 
1  ?72 

1  >  n 

V  .5  1  0 

li20 


►  4»*iM'e  --K  k  UC*W^  ):' 

1 1 1  -v- 1  i  : .  *ai  cm  :u  » i 

4 ic  .*.m  err1 1 '  1  1  ■"  ■'  ’ 

|f  l»-  n  2  6  1°  ./RliA  •  ■"’ ' 1 

s?v  rcv .  =  1 1  n  Lini  8t‘-i  oi»i *',,)l  1 

!,j  i  j  ;ui 

rpugg,  (  ,  t”.w.  '■'»''•* i,Ji 1 '» 

. ,,K|.  -  ri  l  iB  nA  ttJir'MHDLFKO 
RCPC  I'll  .  11  •  *  41  UG 101  A  Hi  1 
.< C iJ "  -0 1*  =  ►* l- 1’*  Ob 
pm  i  ::rt  -  kP  1  A i  i i- M m P  t  00 
A  M  i  I  UR  =  R  t  A  08  t  R  P  t  R  RH 
iF(i-3i 

FVIS  PMRlt*'  A  1  Ml  A  P 

I'  M  R  P  l  G  -  p  M  A  {  r.  8  «  A  T  “  V  OH 

co-ll  I  NOE 

I M  J_ l IIOCO . 1CI C . 1 000 
rmU  l  (  1. 10  IOATEI 

4,0  TO  10  u 

Co*  Tli'uOGo'a  ole.  V060, 10  JO.IOBO,  10-10,1100,1.  10  1 1^0.1 150  lU^O, 
111101,1 
■  Rill  O.AOl 
C,C  10  V2fl 
rk[  r  r  <  3 . 50 1 
00  TO  1271 
WRITE (3.601 

go  ir  tin 
.miMi.ioi 

00  TO  12  71 
■  R I T  M 3 , 8C» 

00  TC  12  ?1 
rMITHI 3.601 
0.)  TO  1 271 
■hi  reu.ioci 
oc  TC  1271 

.RITE!  1,1101 
OO  10  1271 
rtRITC13.12C) 

on  tu  1271 

MlIfl3,l3CI 
00  10  1271 
WAIT  1 1 3 i 1  HO ) 
r.O  TC  127  1 
kri  rcn.  150) 

«  K  1  I  Col  200  1  A2,AV.A<.4H.AV.132.3V.8X,rtW,BV 

*R| T f < 1.21CI  AL-OIIA 
IFIJ.fO.l)  r'C  TC  1321 
WHIT  Ml.  220  Pl» 
r,c  TC  1322 

I  T  K  1  1  ,  ROA  1  OHI38 
(f(l-o)  1362.1152.IH0 

HR1  Till  .  210  Pt-inTH 


l  12  V 
1  E22 

l  3  32 


J 
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LMSC  -B290200  -III 


V  3bv 

l-Fll-s  7  9  T-3 

main  pom 

l  i*»C 

rr«I  1  M  J  i  240  1 

rtl  'M  T 

l  <50 

R.M|  II  I  1,?8)) 

PKP«KI 

l  W 

I_C.N1  INIJE 

1  *.o:. 

-Till  1  3 1 ?4C 1 

PRIILRR 

1  MC 

N'T  I  1  t  (  3 . 2  70  1 

that  e 

1  >J«. 

W6  1  1  3  1  ?,  1 

AMJO 

1  18  l 

1 f  1  A- 7 1  1133. 

l  3t^#  l  3*13 

1  *0  2 

nr  1  H  (  3.2811 

t  XT*0B 

1  3»  1 

COM  INTJ1 

1  t,36 

mi-61  ijoo 

,  \  3^C  ,  i  \<n 

1  iO'l 

"61  TM  3.200  1 

go  in  1400 

*JT  K 

1  39  t 

•  Mill  3,211) 

TXriMW 

1  3'.? 

86  1  1 1  (  3.2)2) 

EOT* 

1  4v0 

86 I  IF (  3 .203  1 

►  W  H  P  1 M 

1  41'  5 

86 1 Tf  1  3  ,  300  I 

fff  r 

l  -  1C 

8  611113, 310 

TTR 

1410 

WRITE ( 3, 3121 

PT  F 

14  14 

8  6  i  1  1-  1  3,314) 

1>RF 

14  14 

«K  1  T  H  3 , 3  l  c  1 

fc  F  F  R 

14  14 

W4 I  I r 1  3,3161 

T  RFC 

1  40  0 

«6 1  It  (  3  ,  320  1 

khcht  h 

1  422 

"6ITf (3.322 ) 

tmtfm 

1425 

<61 1 M  3,324) 

EFFD 

142  6 

WR  I T  F  ( 3, 326) 

FO 

142  7 

.16116(3,3271 

WOkF 

1  6  (  K-  7  |  14  2  8, 

f<*2  7  ,  1428 

742  7 

86  1  IF  (  3  ,  732  7  ) 

TSIF 

1  4  }i 

WR1TF (3 , 328 1 

T  AU 

16(6-7)  1430. 

1^*30 

1429 

nft  116(3.325) 

TCATE 

14  TO 

861 r  6  (  3,330  ) 

ALB 

IF (6-7 )  1432 

»  7AV, 1A32 

7432 

-Rl IE  (  3,  332  ) 

AKBO 

74?  J 

86(  1  6  1  3.333  ) 

AKB 

7  4  34 

GO  TO  l'-34 

143? 

WRITE  (  3,3  32  ) 

Ak  8 

1434 

861 !C<  3,3  34  ) 

AKS 

IFlJ.bO.il  GO 

TO  1436 

1435 

nRIICI 3,3351 

RECPk 

wfi  1  T  C  (  3 , 3  19  1 

R  t  CPF  F 

1434 

WRITE! 3,3361 

RNOK. 

14  3  7 

I  F [  1-3  1  1456 

»l4  36t  i'OS 

143  8 

1 F ( 1 -  5 1  1450 

»  1*00, 1<»3V 

1439 

IFII-1)  (450 

1450 

W  6 1 ir (  3. 3501 

AO 

1458 

WR|  TC  <  3 ,3561 

TA  TM 

143  7 

1 F( j. Co. 2)  GC  TC  1460 

145  8 

86[ I F  (  3 , 382 1 

14  50 

CO  ir;  1461 

1  42  0 

WHIT  el  3,380 

1461 

W61  lt(  3,  3901 

IFlJ.Fg.il  GC  TC  1463 

1462 

8« 1 TF( 3 ,4CC 1 

PLA09 

CAlt  15/0  3/M  1  IME 
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14.  26.  4  8 


AFTR1427 


1435 


LM8C-B2&0200-II1 


T  ft  ON 

-UI-4T*  )-b 

M4| 

1  4ft  T 

„k|  1  1  n.M-M 

0M  l  .»l' 

l  4ft>t 

v  <  1  11  (  *>  ,  4‘*il 

1  XL  b;:{l  ,  f  M  SKII 

U(.S 

«M  U  (  T  ,  4  l  M 

1*1  t  V\  ,1'U  t  VI) 

1  4ftft 

hW  |  u  (  4 ,4/0  | 

bin  mh 

1  4ft  1 

wKlTM  3,4^S) 

1  A  \  MOti,  I  A  1  Ml  1 

l  4  ft  l». 

fMlllh,uCI 

Vi.N  1 

1  4ftft 

hK  1  M  l  1,4  iM 

■•«  l  ivn  , » i  1  vo 

1470 

ViiM<  l  >  .  . ** 1 1 

I’ll  1  f/Tu,  i"K<.  M;i! 

\  4  ?  1 

mkIII  1  jt.<tS) 

1  a, inn 

l4  7<» 

kKM  M  *  ,  t*»0  1 

».[  «u.  u,Kl  IsKOh 

1471 

w#li  11  *  »sbr») 

FPP>T 

14  74 

*K  1  T  t  I  3  .4oll ) 

l  rfi'ili);! 

1  4  74 

*»  r,  i  t  i 

t 1  i  Jim  ,  (  hik  on 

074 

WKl  u  {  >,4ftft> 

\  IHh\  a  r  L>(  <  )\\ 

0  7  6 

WMU  (  1,4ft  7  > 

fint  1  ;iw,hch  ko 

IMK  •  )  C  1  /  , 

7 C 7b  ,07  7 

70  7  4 

ITf  l  1 »  4  b  M 

1 

07  7 

i*  ( j.cg.n  cn  to  1477 

If  t  I- 11  1-.H 

,7077,7077 

7  07  7 

VK  1  1  C  l  1  .  ‘•64  ' 

AT  mv  A0 ,  a  1  Ok 

1474 

<IKIU(5.'.7:0 

kP  e»TDH  ,  KPt  Jfcfi 

14  77 

r.4  I  T  f  1  A  ,  .  ’3  > 

w  JinCrt 

1  4  7» 

1-F  (  ) 

CO  TO  1484 

145  0 

wkI i f :  i,4sc> 

P^L"),  PMRitC,) 

1  4d<7 

i.H  10  14  4*7 

1  4  54 

V.S  [  Tl  (3,4-76.1 

P  LKOMv,  ,  PlkfcftO 

1454 

R41 T ! 1 3,4441 

1444 

CUN'  1  INUt 

1600 

C0NT 1MUF 

ST  UP 
F\D 


uah  iy/'M/n  lint  1  4  « 


1475 


AF1R  077 
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PROGRAM  II 


AN  IV  36jN~l  l)-4?9  3-4 


nus  program  calculate.,  nit  i*Hiimi  LfCtmiN  coim  received  in  each  of 

T  lit  ACQUISITION  AM  1H.VKIN0  LINKn  FOR  f  ACM  PHASt.  THE  MCTHUQ  OF 
CALCULATION  IS  SIMILAR  1J  THAI  ilF  THE  HIGH  DATA  RATE  LINK  PROGRAM. 
FIGMl  OAIA  CAKIIS  ARC  USE  0  FOR  THE  Cw  LINKS  AND  M  ML  DATA  CARCS  FOR 
THE  POL  SED  LINK.  CARL  t  IS  AN  ALPHANUMERIC  CARD  FUR  COMMENT  .  1  AND 

J  In  CAPO  2  OCSIGNATl  T  HL  LINK  AN.)  PH  AS  f  K  ESP  ECT  I VFI.  V  .  THF 
ABBREVIATIONS  USED  IN  I  HE  OTHER  DATA  CAPOS  ARE  AS  ECU  OHS 
PKP.K-PEAK  PURER  OF  LASER,  l*LA  AVERAGE  POwtR,  RNOK  -  RANGE  IN 
KILOMETERS,  PTF-  POINTING  LOSS  FACtOK,  A8  ATMOSPHERIC  ADSORPTION. 
LHAIE-NGI  LSEll,  AI.MDOA-  WAVE  LENGTH  IN  MICPONS,  T  AO-  RCCF1VER 
INTEGRATING  I  IMF,  AMJO-MGOUL  AT  I  ON  INDEX,  TAUT-  IN  PHASEI.ThE  XMTR 
PULSE  LENGTH.  IN  PHASF  5  AND  6,  TRACKING  ERROR  ANGLE 

als-hackokCund  kaliance,  falarm-falsc  alarm  prooabi  li  tv,  pmiss- 

Miss  PROHAlILITV  IN  PHASES  l  THRU  4,  REQUIRED  SIGNAL  TO  NOISE  IN 
OR  IN  PHASt  S  S  AN)  t,  T  X  P  MW  -  TRANSMITTER  REAM  WIDTH  IN  MICRORADJANS 
1  FEJ-DETECTOR  QUANTUM  EFFICIENCY,  F.;-  EXCESS  NOISE  FACTOR, 

RRUWIH-  KFCFlVER  JANOWlUlll  IN  ANGSTROMS 

OTR  ANC  ORE-  TRANSMUTE*)  AND  RECEIVER  01 A**  ET  Eft  S  METERS,  EFF T  AND 
EFFR-  EFFICIFNCItS  IF  XMTR  AND  RCVR  ANTENNAS,  THTFM-  RECEIVER 
FIELD  CF  VICw  IN  MICR'JRAOIANS 

TTR  AND  TREC-  TRANSMITTER  ANU  RECEIVER  OPTICAL  TP  ANSM ITTANCES 
HOE  F- SC  I  NT  1 LL AT  ION  LJSS  IN  OJ.RIFOV-  RECEIVER  INSTANTANEOUS  F I ELO 
OF  VIEW  IN  MtCRCRAOl ANS. 

PLSWTH-XRTr  pulse  WIDTH,  KCP.LT-  REPETITION  RATE  TN  PPS. 

DIMENSION  DAT  Ell  ?) 

10  FORMAT  I  ’  l' ,  ZCX,  •  ACQUlSn  ION  AND  TR  AC<  I NG  ANALYS  I  S  •  ,  5  X,  2A4 ) 

1  H  PIlMMATI  2PA4  I 


20  FORMAT ( 'O' 
21G  FOkMATCC’ 

l  '» 


10  X  ,20341 

zx,1  lager  wavclength 


'  ,F8.4, ' 


220 

Fn^MAl  I  3 X . 

• 

OUTPUT  POwFR  -AVERAGE 

•  ,C9. 3,  • 

WATTS'! 

23  0 

FHkMAUiX  , 

t 

PULSE  W  I0TH 

• .E9.3, ' 

NANOSEC  ) 

240 

FORMAT ( 3  X , 

« 

REPETITION  RATE 

’,0.3,  ' 

PPS  •  1 

2s0 

FUHMAT  t  3X  * 

■ 

PEAK  POWER 

•  ,  F  9 . 3  ,  * 

WATTS') 

2hO 

FORMAT! 3  X • 

•MODULATION  INDEX 

’  ,  F  8  •  4  I 

281 

FORMAT (  3  X  # 

'extinction  ratio 

•  ,F8.4,  • 

OB'  ! 

2)0 

FORMAT  l  3  X  , 

1  XVTR 

ANTENNA  DIAMETER 

•  ,F  8.4, ■ 

ME  TEKS*  1 

20  l 

FORMAT ( 3 X  * 

•XMIK 

antenna  beamwtdth 

•  ,F  10 .4 , 1 

M 1CK0RAD  * ) 

20  2 

FORMAT i IX, 

EFFECTIVE  ANTENNA  DIAMETER 

• ,F  8.4, • 

METERS'  1 

29) 

FORM  AT ( 3X  , 

F'WHP  DEAMWlOTH 

•  ,f  e.4,  • 

M  ICHOR  AO’I 

300 

FORM  AT ( 3 X  » 

ANTENNA  FTFICIFNCY 

•  ,  F  8, 4 ) 

30  l 

FORMAT  13)1, 

1 LL  JM  INATIUN  FACTOR 

•  ,FB.4) 

310 

format  <  3X  , 

OPTICAL  transmittance 

• ,F8.4) 

3  1  2 

FORMAT  t  3X  , 

POINTING  ERROR  FACTOR 

'  ,F8.4) 

314 

FORMAT I3X« 

'RCVR 

ANTENNA  01AMETCP 

•  ,PH.4,* 

METERS*  1 

31G 

FORMAT  t  3  X , 

ANTENN .  EFT  TCI ENCY 

■ ,F8.4l 

313 

FORMAT [  3  X , 

CPtlCAL  i  P  ANSM  1  TT  4NCE 

•  . F  8 .4  | 

32  0 

y fJKMM <  3X  f 

F  1C  TL  W  8  AND  w  1  0  TH 

•  ,F  8,4,  • 

ANGSTROMS' 

322 

FfKMAT{ 3X , 

F  I  EC  C  UF  VIEW 

',  F10.4,* 

M  ICR  O')  AO  •  ) 

32  1 

FORMAT  (  3X  , 

INSTANTANEOUS  FUV 

•  ,  F10.4,  • 

M1CR0RA0* ) 

32  . 

FORMAT  3  X  f 

ott  quantum  efficiency 

•  ,F8.4| 

320 

FORMAT (3X 

EXCESS  NOISE  FACTOR 

'  ,  r-8  .4  ) 

3  2  T 

FOKMAI (3X . 

•  ATMUSPHERIC  lUKiHILINCC  LOSS 

• ,  r  r  .4  ) 

328 

FORMAT ( }X# 

t 

IM  CGK\I  I1N  T  1 

• ,  r.o,  3,  • 

NANOSEC  '  1 
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s  IV 


3bON-Fu~fc79  3-fc 


HA  1  NPGM 


OAT  E 


10/03/  71 


I  IMF 


16.02.  21 


3  50 

C  3  X  .  « 

dACKC,< -HIM  D  RADIANCE 

*.19.3,  ' 

H/  ST  EM- A-  SO 

IT  1 

3  i  ?  FUkVAT  ( • L  •  , 

2X  ,  •  BACK  C.P  'HIM  0  PF/INf  TIME 

1 

,E9.  )> 

3  i  5 

fl  j  k  *  A  f  (*0# 

?  «  ,  1  ll  \Ckl.k  UINO  Pl/PUISE 

* 

,F9.3I 

354 

f  OK  MM  (  3X  .  * 

RFCtlVEd  SIGNAL  PL/PUISF 

1 .  E  9, 

31 

3  3  S 

KORM AT ( 3X , • 

HCLLIVEO  S  1  ii-H A U  Pl/INT  ll.HF 

*  ,E9. 

3) 

3  J6 

HI  RM  AT  C  3  X  ,  * 

MANGE  ‘ 

,F  12. A,* 

KILOMETFRS'  1 

35  3 

G>>Mnx, 

ATVUjSPHc  1  If.  AHSIHPIICK  f ACTOR 

' , EH. M 

3  3t> 

F QKM  t r  <  3X  , 

AT  MHSPhLR  1L  T  K  AT,  SMI  T  1  ANC E 

•  .E8.AI 

357 

FUkMAI ( 3a. 1 

I R  ACx  INC  ERROR  AM'.IF 

•  ,F6 .2 

'  NICRORAO'I 

3  1-0 

FtlK*- AT  {  Jx  , 

false  alak.m/imi  r(HF 

•  ,E9 

3) 

3/  l 

F'JkMAT  1  3X  , 

FALSE  ALAmM/PULSC 

•  ,E9 

31 

372 

FCW.Al  (  3  X  *  * 

MISS  PM )HA81L 1 IY/ INT  TIME 

•  ,E9 

3  1 

373 

f  "iK.-IAT  (  3X  , 

.MISS  PM  )rlAll|L  I  TY/PUISE 

'  .  E9 

11 

1  /V 

FllKMATT  3x» 

S1GNAL/NUISE  REQUIRED 

1  ,  F  6 . 1 

, 

OB  •  1 

37*5 

F  OHM  AT ( 3X , 

S  IGNAt/Nill  SE  ME  CF  1  Vt  0 

•  ,  F  6  .  1 

t 

OB*) 

3  7  f» 

FORMAT ( 3  X , 

THMI  SHCLD  PE 

*,E9.3 

i*2 

FORMAT  1 • C* 

25X,* POWER  BUOCET  CALCULATION*) 

400 

FORMAT ( 34hOC ASFR  POHfcR  AVfcRAGE 

,  F  6.  I  , 

OBW 

,8X,F5.1  ) 

'•02 

FORM  AM  34HOL  AStK  POWCR  PEAK 

,  F  6  •  1  » 

OHW 

,8X,F5. 1) 

4  05 

F OKM  AT ( 34h 

TRANSMITTER  LOSS 

,  E  6  .  1  » 

DM 

,8X,  FS.  1) 

4  LG 

TilK MAT  l  34H 

TRANSMITTER  ANTENNA  GAIN 

iEA.I, 

08 

,8  X  ,  F  5  •  1 ) 

4 1  5 

FCkMAT ( 34H 

POINTING  LOSS 

i  F  6.  1 , 

06 

,  8X.F5.1  ) 

420 

FORMAT L34H 

SPATE  LOSS 

,F6. 1  , 

08 

,8X,F5.1) 

n2  5 

FORMAT  (  54H 

ATMOSPHERIC  loss 

fF6.lt 

DM 

,8X,F5. 1) 

4  30 

POnM  \T ( 34  H 

HLCMVEK  ANTENNA  GAIN 

.►6.1, 

DB 

,8X,F5.  1) 

*•36 

FCkMATI 34H 

RE  CE I V  EM  LOSS 

i  F6 . L, 

OM 

.8X.F5.1) 

4-0 

F0.3  5  AT  (  34H 

RFCEIVEC  POWER 

,  Ffc .  1 , 

08W 

,  8X.F5.  1) 

44S 

FORMAT  (  3  4  H 

INTEGRATION  T IME 

.Ffc.lt 

0  OS 

,  8X,FS,  1) 

4  4  fc 

FORMAT ( 34H 

PULSE  wIOTH 

,F6.  1, 

OHS 

,8X , F  5 . 1 ) 

450 

F JKMAT 1 34 H 

RECEIVED  ENERGY/ INT  TIME 

.Ffc.  1, 

OBJ 

,8X,F5.l  ) 

4P  1 

FG-MAf { 34H 

RECE1V60  ENEkGY/PULSE 

.  F  6  .  1 , 

Drtj 

,  BX,  f  5*  1 ) 

456 

FORMAT  <  34h 

ENERGY  /PHOTON 

*  F  6 . 1  , 

E>MJ 

,BX,  F5.  1) 

460 

FORMAT  t  3 4H 

RECEIVLO  PHOTONS/1NT  TINE 

,F6.l, 

OMl 

.8X.FS.ll 

4  6  l 

F  C«  v  AT ( 34H 

RECEIVED  PEOT  DNS/PULSE 

,F6. 1, 

081 

, 8X.F5.lt 

4  *>6 

Fl}KM  at  (  34H 

00 AN  1  UN  EEFIC  IENCY 

.  F  fc  .  1  • 

DHl 

,8X,F5. 1) 

4  6  6 

FORMAT l 34H 

EXCESS  NOISE  FACTOR  LOSS 

t  F  6 . 1  , 

081 

.8X.F5. 1) 

4o  7 

FOKM at ( 34H 

OET  COLLECTION  EFFICIENCY  LOSS 

, F6. 1 v 

081 

,8X,  F5.1  ) 

45  b 

FORMAT (34H 

ATMOSPHERIC  FLUCTUATION  LOSS 

, Ffc.  1  1 

470 

F(j«MAT(  34M 

S  IGNAL  PE  RECO/INT  TIME 

,  F  fc  .  1  , 

031 

, 8X.FS.il 

-71 

FPkM  AT  (  3  4  H 

SIGNAL  PE  RECO/PULSE 

,  F  fc  .  1  , 

081 

, 8x.FS.lt 

4  f  o 

Format  O'.llOkECUIRED  PE/INT  T  ME 

,  F  fc  •  l , 

DB  l 

.8X.F5.1 ) 

4  00 

ECR-»A1  1  JAH 

LINK  1  AMO  IN 

, F  fc .  1, 

OM 

.8X.FS.il 

REQUIRED 

,  F8.2  X.Ffc, 


2  ,'.X  ,F  10 


.F10.MI 
*  »F9.1i 

.6) 


<.■>2  FORMAT  IDAHO  SIGNAL /NOISE 
A '! 4  FORMAT  I  IX.  S IGNAU/ NOISE 
SAT  FORMAT!  F  IA. ,  2X  ,Fb,A 
5a  1  FOR  XAT  1 13, 1  3,  13,  I  3) 

3So  FOR  MAT  I  AX  ,F  1C  .A,  2X.F6.2  ,  F  10 . 2  ,  AX  ,  F  fc .  2 
FORMAT!  FlA.A.GX,  F  10. 2, F  10.2.2X, 

561  FORMAT  (fcX,Ffc.2,AX,E7.  3,  3X  ,  F  fc  .  2  »F  I  0 .  A  I 
57  C  FIH.MAI  (MX  ,F6.  A  ,2X  ,F3  .A  ,2X  ,Ffc.2  I 

AF.O  FuFMATl  7X  ,F  6.  3  ,A  X,r  6.3,3  X.F  10.IA  ,  F6  .  Z  ,7  X  ,  F  8  .  2  1 
5  v  G  w  L  AD  (  l  ,  l  8  )  A  ,0  ,C  ,  O  .  £  ,  R  ,V,  X  ,  Y ,  Z  ,  Aw  .  8 V  ,  CX  »1!T  .EZ.WA.VB.XC.YO.ZE 
5  7  2  t'EAOl  1 ,5A1  H  ,  J,K  ,  APIS 


08'') 


,Fl?.A) 
F IC.A) 


I  ' 


N-16 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOCKHCCO  M  I  II  I  l  (  S  &  S  P  A  C  *  COMPANY 
A  0*  OV>  DIVISION  Of  LOCKMfID  AttCIAfT  COMO»*HON 


LMSC-B290200-13I 


AN  IV  3bCN-Fll-579  J-5  MAINPGM  DATE  10/03/71  T 1  HE  lh.02.2l 

6C  0  REACH  1  .SAC)  PKPtiR  ,  HI  A  ,  RNGK  »PT  F  ,  Art 
610  KtACH  l  ,  5VHUHAH  .ALMriOA  ,  f  AU  .  A  MOD  ,  1  All! 

620  RCAC ( l ,550 ) ALB,  f  »l  ARM  ,PM  I  3S  ,  TXUMW 

631  REAO  (  l  ,5701  EFFO.  FO  .RliDWlH 

65  0  READ!  1,5801  OTR.nME.tFFr,  EFFK.Ti  IT  FM 
630  READ!  I  ,*6l  1  TTR.TRhC  ,  ODEF  .RIFllV 

632  1 F (  J —  1 1  663,662,663 

662  KCAOU.S60)  PlSmTH.RF.PRT 
6bS  CONI  1NUE 

670  TAU=TAU»1000. 

IF1J-5)  671,672,672 

671  TAUl =TAUT*1000. 

672  PAVRC“PLA 

660  1F1J-1I  70 1 , 690 ,701 

600  PL  A  =  PKPa>R*TAUT/T AU 
7CI  KNG=1C00. *RNGK 
7C2  IMTF-ThIFH  /  1 000000  • 

7Ci  ALMGM=  ALMBCA/  1 000000  - 

710  «LP IR =AIM0M/ ( 12 .3666 »RNG I 

711  SPL»«LPIH*WLP1R 

72  0.  SPLOb  =  10  .*AL0CICI  SPLl 
751  £FFKL8=10.*ALCG13IEFFRI 
750  tTROR=lO.*ALCG10l TTR) 

77 C  TKECG6=10.*ALOG10(  TR6C1 
781  RCLSOR  =  EFFROe+TRFCCH 
702  THTT=1XBMJ/1000000. 

RIO  GANl  =  9.5/lTHTTMHrn 

811  GANT0G=1C.*AL0G10(GANT» 

816  GF AC =0.8 2 

812  GANTl=GANT/GFAC 

813  GNT  I  1)5  =  10. *ALCG1Q(3ANTII 
917  GFACOB’10.*ALOG10(GFAC> 

821  crFToa=io. *alogioiefft i 
62*  TXLSCtS  =  FFFrCB*TTHOG*G FACDB 
325  K  IF15VS«K1FCV/ICOOOOO. 

830  XDr\  =  <O.  73  55*R1Fi)VR*DrE)*(O.7b55*R1F0VR*DRE) 

831  XOKl  =10.  7t)55*0KF  >  »(  0 . 7355*0RE  ) 

8  50  MNTBM  .9d75/I  ALMBOAeT  AJ*RBCMl  H 
R51  FI10B  =  1C.»AL0C,10(  l./FOl 

352  aOEFOO=10.*ALGG10IOOHFI 

C  ALB  AhO  AIB  GIVEN  FOR  BANDWIDTH  IN  ANGSTROMS  NOT  METERS,  SO 

C  FACTOR  OF  10  TC  10  IS  REUUIREO 

863  A'TTM.OEMO 

B 70  AKB  =  AL8*ATT*XDR*1REC*EFFR»EFFD/I  IINTB*FO» 

9  30  T  AT  M=AB*BDEF 

950  TATMnO=10.*ALOG10(TAIM) 

901  CONTINUE 

960  PTFn&=10.*AL(lG10(  PTF  I 
970  Fw HP  F H* C • 95 *ALM BO A/ OT R 
2005  AMMR«1. 0P-09 

C  H-NU/TAU  IS  .  19875,  SO  USING  .  19875  GIVES  POMER  IN  MILL  1 M I CROWATTS 
2  0.25  RANT- 3. 1516*3.  1 5  16* ORE* Ok E /  (  ALMUM* AL  MOM) 

2CJC  E TAL-GANT* SPL *TTr*TREC*TATM*EFFR*P»F  *Fpfi*kanT 
2G51  PLAOS=  10.  *ALDG10(  PLA  I 
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LMSC-B2 90200 -m 


\M  IV  ib'JN-fU-'i  in  )-9  HAINPGM  [  -  A  T  L  10/03/71  TIME  16.02.21 

2)52  PKP  Ul'H«10  .VALCL,  1  II  PRPWRl 
2  0'*')  nMMi)TE-=)151S9C./iJ'tnC,ANl  1 
2  0 'I  l  K  t  C  P  *.■.  ■  R  L  A  *  E  T  A  l 

2  39  7  RFC  PI  i)*ALMt»01»TAU/  10.  l<)b76*FD»A9HWl 

2  lm  SN- J.  5»AMOt:*AMOC«9ECPl*RFCPF  /  <RECP£*2.»AiCA> 

2  1  u  1  SM,-tFC*10.*ALOC10lS‘ll 
2 120  CONI  I  SUC 
2  250  CAI  L  PATE!  DAT  [  1  t 
2  3-0  r  AU09"  l  C  .  •  ALOGIO  <  T  AU*AMM*1 
2A;i  RGN  Trrt*  1 0.  *  AlOG  1 31  KANT  I 

2  A 2  3  PRf  GDH*Pt  AI  ,U  IXL  bL'Jt  ONT  l  L'B*P  T  Fill)  *0 PL  ■**»•  T  A  T  MOB*  RGN  T  TU*R  Cl.  S  OB 
2*.  to,  <  EilUh*PKfcr.Cll  *T  AU03 
26)2  BEBRCB^PACKDO 

2  tt  0  HNd*  19  8  .  /  S»  AMRH*A“Mr  *  A  M  MW  /  AL  MOM 

2551  EPPGd*  10  .  *AL  JGl  01  HSIJ  I 

2A50  mp oci3«tmiim-e ppja 

2460  EFFORt)*  t  0.  *ALUC  101  EFFOI 

2  A  70  RPCdOd-tFFOOB*E«pi)OB*FUOB 

2490  PMKOPsRPFROR-RjPEOB 

2 49 *3  PMREi:U'dr;’.RC;0*BPEBdO 

25  15  CONT  INIJE 

1001  MR  I  II  |3,  101  DA  IE  l 

101)  rtH  I  TF  (3,?0)  A,  8  ,C,0,F  ,W  ,V  ,  X,  V,  2,  Aw,  OV,C*  ,CY  ,E2  ,WA,VB,XC  .VOt  It. 

1310  MR  I  TE  I  3,2101  ALRROA 
1120  WRlTc(>,  2201  PAVRG 
132  1  1  Ft  J-  l  I  l  3  SO  ,  1  3S0. 1  ISO 
1  35  3  „R  1  T  M  2 , 2  50  I  PKPWK 
1  2i)  «R ITfl 3,2)01  PL  iWTH 
13AC  h«!TF(3,2ACI  RFPkT 
1  ISO  *RI  Tfc  t  3 , 230 )  AM  10 
1335  IKJ-61  1  391  ,  1  390,  139  1 
1  300  RK  1  TK  3 ,2  901  Old 
1391  RK  l  TCI  3, 29  1)  TXOMW 
1905  HR | T  t (  3 ,  300 1  EFFT 
1MJ  »R  l  If  I  3,  3101  TIR 
1513  mRITF(3,3121  PTF 
IMS  v* Kl  TE  (3  ,3  1 4 1  ORE 
1916  HRI TCI  3 , 316)  EFFR 
1 5 l d  WR I T t( 3 , 31 B  )  TREC 
1  A 20  RK  1  r  t  (  3 . 32  C 1  RBORTH 
15  2  2  HR!  T t (  3 , 32  2  1  THTFM 
1  52  3  RK I  re ( 3, 32  1 1  R  [FOV 
1  525  -RITFI3.324I  FEED 
1  52o  .mil  L  (3  ,  326)  FO 
l'.2<*  WRI  TE  (3,  329)  T  AU 
193  0  MR  l  lit  3,33)1  A  L3 
1536  WR  ITFt  3,3341  FDiGK 

IF  1  J-5  )  1551  ,5  556,5555 

1561  R  •“>  I  1ft  3, 3701  FALARM 
-1652  --'11[I3,372>  PMISS 

6555  lFtl.E9.il  GC  TO  1556  AFTK145? 

IFI  I  .EQ.6I  GO  TO  1556 
1  55)  RKI  TE  t  3  ,  3501  At) 

1665  nRlTFI  it  32  7)  BOtF 
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tOCKHEED  M  I  I  S  I  l  I  >  A  SPACE  COMPANY 
A  QROUP  DIVISION  OP  lOClNilfi  AlflClAM  CORPORATION 


I 


I 


I 


i'4  IV  36CN-FU-479  3-4  MAINPGM 


|  456  WRtttt3,356l  TAIM 
1*.  J  4i  WK  ITf  1  1.3321  AKO 
1435  wRlTEI  3,335  1  RtCME 

2*36  IMJ-51  1458  .1437  ,  !•  »7 
l A  »  7  WRIT!  13,3751  P  4  IS5 
24  37  WAITI13.38M  TAUT 
1433  WR  1  TT  <  3,3751  SNHEC 
1458  nKITEl  3 ,382  I 

1460  IKMI  1442,1461,1462 

1461  WH|TE(i,402»  PKPwOB 
GO  TO  1461 

146?  WRITM3.40OI  PLAOfl 

1  463  rtRI  re  4 3,4101  GNTI08 

1464  WRI TF ( 3,4051  1XLS0B 

1465  WRITE! 3.415)  PTFDB 

1466  WRITE (3 ,420 )  SPCOB 

1467  „K1TE(  3  ,4251  T AT  MOB 

1408  WRITE! 3,4301  RGNTOtt 

1469  WRITFI  3,4351  PCtSOU 

1470  WR I  T  E  ( i , 44 Q )  PKECOd 

IF  1  J  ,EQ.  1  •  GO  TO  347  1 

1471  WRI T  1 1  3 ,445  I  TAU09 

1472  HR  IT  EI3.4501  RIBCe 
147  3  WRITt(3.455I  EPPDB 

1474  wR I T  f  <  3 , 46C I  ERPS03 

1475  V.RITF1  3,4651  EPF008 
075  WRIT  El  3,4661  FD08 

IFIJ-51  1476,076,076 
C76  WRll  E  (3, 46 7  1  aoEFoa 

1476  WRITC13.470I  RPEBOQ 
GO  TO  1477 

3471  WR  I  IK3.446I  TAUOB 
34  72  «R1  T  E  (  3 ,451 1  REHOd 

3473  wK  1  T  C  l  3  ,455  1  EPPOB 

3474  WK| T  E I  3 , 46 1  I  ERPHOB 

3475  WRITE (3,4651  EPFOOB 
3C75  WK1TEI 3,4661  FPOR 

3476  WRITE!  3,4711  RPEtJDB 


1  4  7  7  «R  l  TE  (  3  ,4751 

IF  I  I  .FQ.5  1  GO 
IFIl.CO.*)  GO 
GO  TO  1480 

1478  IFIJ.E0.21  GO 
1F1J.EU.41  CO 
(FU.tO.6l  GO 
GO  TO  1480 

1479  WRITE (3,4681 

1480  WRI TEl 3,4901 
1600  CONTINUE 

STOP 

END 


TO  1478 
TO  1478 

TO  1479 
TO  1479 
TO  1479 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 


LM8C -B2  90200 -HI 


PROGRAM  III 


AN  IV  itON-f  <1-4  1  9  }-4  MAINPG"  DATE  10/01/  T1  llMf  16.09. 5* 

C  T  HE  LASER  LINK  ATMOsPMER  1C  E--HLIS  PROGRAM  CALCULATES  PHOTIiEL  ECTRIlN 

C  COlNIS  RL.LMREL  TO  SUSTAIN  Oil  l  R ROR  PIU18AI<||  I T  Y  AT  10  TO  -7  EOK 

C  ClVTN  T  Ilk  RUL  tNCK  LUND  11  IONS  .  CALCULATIONS  ARE  MADE  FOR  CIR  SUOCAARIER 

C  OS  DINARY  POLARIZATION  MODULATION.  THC  ftEUUIRFC  SIGNAL  !S  CALCULATED  BY 

C  CALCULATING  ERROR  PROUArtlL* 

C  CALCULATING  ERROR  PROBABILITY  USING  A  GP.  AN  J  AVERAGE  OVER  THE 

C  APPROPRIATE  PROBABILITY  DISTRIBUTION  and  The  DISTRIBUTION  of 

C  ATMOSPHERIC  AMPLITUDE  fluctuations-*  with  cl  the  variance  of  the 
C  LOU  AMPLUUOf  FLUCTUATION  as  P  Aw  AMT  1 c  R .  TOE  I  NT  C  GRAL  INVOLVED  IS 

c  calculated  my  using  the  riemann  so t  and  the  first  data  lard  gives  the 

c  nusiuk  cf  elements  in  the  sum.  ihe  rain  data  card  uses  amoo  for 

C  modulation  index,  akj  fur  background  count,  cl  for  lug  amplitude 

C  variance,  NU  Hi  indicate  last  data  card,  ns  for  NUMBER  of  STEPSi 
C  TYPMOC  ADO  T 1  TO  TS  E  OR  TYPE  OF  MODULATION.  AND  K  INDICATES 

C  CW  SOoCAkRIER  by  L  AOJ  BINARY  polarization  BY  2. 

isoo  format i ashoaumber  ue  steps  kb  cl  modulation) 

39  10  FORMAT  l  4X ,  I  ti.SX,  F8.1,/K,F8 .4  ,SX  ,SA4) 

’920  FdRMATI  6F12  .41 

into  format  I  if  a.  4 ,6x ,  1 1,  i  s,  t  x,  SA4,  ii ) 

3911  EUkMATUI) 

3940  eormati*  akskd  pebrla  pebrl  aksdr  aksb 

IRA  AMUOM 

49  READ  1 1 , 193 l IMU 
3030  00  1 4HC  JJwl.MO 

50  READ  I  1 , 19  10  lAMOO  ,AKB,CL,  NO, NS,  TYPM10,  T  2  ,  T!  ,T4  ,T5  *K 
3050  IFIK.EO.I)  GO  TO  31C0 

30S2  1FIK.E0.21  GO  TO  3100 

)  ICC  Ax  S  MR  *  I  54 . 2/1  AMCG«AMUOI  I  •  1 1 .  ♦  SORT  1  l .  i  AHOO»A  MCO‘AKB/2  7  .  Ill  * 

3101  GU  TO  3110 
3  IL  5  ANSbR'AXSBR»1.5 
3  ICf,  GO  TO  3110 
3107  Axs«R  =  AKSflP»l  .  I 
IICB  GC  TC  3110 

3109  AK  75»AkSMR 

3110  A’C . 

3111  PFrar  =o. 

31.0  JO  3  160  MX-1,  1000 
3130  X=X»  l. 

3140  AMXB  =  AMOU»AMOO*X*X/ I  I X» ARB) *  I X»AKO I  > 

3150  CL  *=C  .5*  ALOGI  X/ AKSOK  I  ♦  CL 

3151  V8Ll*(X*AKiS)*AMX0-».lo7*(D.7S*  AMOO* AMOO/ 8  .  I 

3152  IHVBl  1.01,80.0  GO  TO  3180 

3153  V3L?  =  CLX»C  LX/12.  *CL  ) 

3144  IF  |  VH.I  2.01.80.0)  GO  TO  3160 
3160  PE  =  fcXPI-VflLl) 

3170  OtMAR  =I’EJAR  *PE*F.XP  (-VBL2  1/ I  5 .02»X*SCRT  ICL  )  I 
3  160  CONI  INUF 

3190  PEORL  *  ALOGLO  (PE.JAR  I 
3  L  9 1  PU*-RtOKL 

3  19  2  I)  IPj.GT  .  7.5)  GU  TO  3109 


3  iVJ 

If  1  PO.L  T  .  6.  1 

GO 

TO 

3  105 

1194 

IF ( PG«L  f  .7  .  I 

GO 

TO 

3  10  7 

3195 

|F|pj.e).7.) 

GU 

ID 

1  340 

3190 

IE (PN.GT .7. ) 

GO 

TO 

)  2  10 

\ 
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lOCKHftO  Minim  L  IMCI  c  O  *  f  A  n  y 

V  A  OIVIJ.OH  OM  LOCKHltD  A  I  I C  I A  f  T  COMOlAllON 


LMSC-B290200-1H 


I  <  A  IV  360N-FU-479  3-4 


MA  INPCN 


OA  T  E  10/03/n 


T  |  HE  16.09.54 


3/EJ  AK^i'fA  »  0.9»AXSUR 
till  PE  ft  AK  A*  0 • 

3/12  X*0. 

3//o  m  3/80  Hx.i.iooo 
3  2  30  X»X*l. 

I/O  A.*¥  U«AH'in»  AMOO»X  •»/  ((  X*AKH1»<X*AK«|) 

3/SO  CL  X  =  0 . 5 • ALOCI  x/AkS3kAI  »CL 

3/51  VHLl  »(  X*  AKBIA  A*3X6».  1  G?»<  C.  75  *  AHUII*  AHU0/8  .  I 
si  5/  IK  VBU.Gl.HC.OI  o(>  TO  3280 
3/53  vol/=  cla»cla/(2.»ll; 

3/54  IFIVEL2.C1  .80.3)  00  TO  3230 
3/60  PF*FXP  (-V3L1  » 

3/70  PEIURA^PEBARA  *PE*EXPI-VaL2l/(5.0/*A»SoRtlCL>l 
3260  CONTINUE 

7  /  JO  PEP.UA.ALCCIOI  PF8ARA1 
3/01  G'J  TO  3820 

3  300  AASbR.l  15.44/1  AMl]0*AMOOI  )*(  l.*S(|H  M  l  A  MCO  *A  HOO  3-AHO  /  7  .  T?  I  > 

3  301  G'3  TO  3  3  10 

3305  AKSOA*AK.SbK»  l  .5 

3  3i.6  GO  TO  3  310 

3  307  AKS'3H>AK  SOft*l  .  1 

3308  GO  TO  3310 

3  100  AKSriR  ■7.75*AKSUH 

3  310  Xa0  • 

3311  PE8AK=0. 

332C  on  3360  NX=1,1000 
3330  X  »x  *  1 « 

3  14  0  AHX«=SGA  T  (  1  .  ♦  2.*AN:)0*X/(  AKB»  1  1  .  -  AMIlD  >  *X  |  ) 

3350  CLX*0.3»ALJGU/AKSrrt»  ♦  CL 
3  33  1  VrlLl=  AHCJAX  •  <  AMX  0-1  .  1  /  (  AftXdvl  .  1 
3  152  IF (VHLl  .CT .80 .0  I  GO  TO  3380 

3353  V  ft  L  ?  =  CLX«CLX/(2.*CL  I 

3354  IF  (veL2.GT.80.C)  GO  TO  3380 
3350  PF  =0.5*ExP(-VBlll 

3370  PFftAX  =PFBAR  *PE*FXP(-V8L2  1/ (5.02»X»  iGRT  1CL  »  ) 


3380  CONTINUE 

3340  PFBKL  -  AL OGIOIPEUAP 1 
1391  PQ= -PF83L 

3192  IFIPj.GT  .7.51  GC  TO  3309 
3343  |F(P0.LT.6.I  GO  TO  3305 
3394  IF  (PL.LT. 7. I  GO  TO  3  307 
3)9  5  IFIP0.ECJ.7.T  GO  TO  3  640 
3346  IFIP..CT .7. 1  GO  10  34i0 
3410  A8.50HA  -  0.9*4KSt3R 
341  l  PF  8  AR  A=  0. 

3412  *=0. 

342u  00  34BG  HX- 1 i 1000 
3430  X*XM. 

34  40  A  NX  8  =S'JRT  (  l  . *2.* ArtUO*X/  1  Axe*  (  l.-AMOO  )»X  )  ) 
'  3450  CLX  =  0.5*ALCG(  X/AXSOKA)  ♦  CL 
345  1  V 8 L  1  5  A“00*X  *  (  AHXU-1  .  1/1  ANXIIM  .  > 

3452  IF  ( vfiLt  .GT.80.0)  GO  TU  3430 

3453  VBL2  =  CLX«CLX/(2 .*CL) 

7  454  I  FI  VBL2  .GT  .80  .0  I  GO  TO  3480 
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lOCXHCCO  M  I  I  I  I  (  i  I  A  IMCI  COH/ANT 


LM8C-B2ft0200~!II 


\.l  IV  TuON-Ft)-*  T9  N-*  MAINPC*  DATE  10/03/Tl  TIME  16.09,f* 


JAM'  PE  XP  ( -VBL  l) 

AA  T-i  PEI'  AKA*PEIiA,tA«PE*EXP!  -Vbl  l  )/  l  '>  .08»x»S0RTlCL  I  ) 

3'A89  CUN!  INUt 

3v(0  PEnKLAwALOGlOlPEllARAI 

!a^O  SLUPt  •!  PE  MAC -PL  UHL  A  I  /  (  AK  S  BH- AKS'l R  A  1 
JPJO  AASPJ-AKSUA-C  PFURLl?  .  0  I  /  SLO.'F 
3639  UU  TC-  36*11 
38A0  AK'>I"J»AK.SBR 
3891  CONTINUE 

WR  1  TE1  3,3900) 

WRITE!  3,391  0)NS,  AK9.CL  ,  TYPN00.T2  ,T3,TA,T5 
WRITE! 3.J9A0 ) 

wRI  T E  (  3, 3920  AKiP.J, PEBRLAfl’trtRL  ,aa  J  3K.  Akark  A,  ANCO 
3980  CONTINUE 
STOP 
tNI) 


¥  '2 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

IOCKHICO  M  I  t  t  I  l  I  S  A  *  >  A  C  t  COMPANY 
*  niAni  MviTinn  r>  ■  i  A  r  •  m  •  9  *  »i«f  *  t  iAh 


PROGRAM  IV 


10  var=»xfro 

15  PRI  NTl  NFORM"d  /20B  ‘LASER  UW  ANALYSl  S  *2/  ‘ENTER  THE  FOLLOWING*  V 
20  PRINT"SYSTEM  TYPE  <1  TO  5>"« 

25  INPUT  01 

30  IF  QX1  THEN  L-.89*N1-"D10DE»PPM"  ELSE  IF  01-2  THEN  L-.63* 

N  X'ME-NE.BI  POL  PN"  ELSE  IF  Ql«3  THEN  L«t  1 . 06#  N  l -MCA  V  DUMPED  TAG'* 
ELSE  IF  QUA  THEN  L«  1 . 06*  N 1  »"Q- SW1  TCH  ED  VAC’  ELSE  IF  Ql«5  THEN 
L  «  1  •  05*  IN  I  ""C  W  VAG#niPOL  PN" 

35  PRINT"RACKGROUND  IRRADIANCE  <  W/M »  2 >  AND  NOMENCLATURE"* 

AO  INPUT  V.N 

4  5  H»6. 625E-34»C«2*998E8»  F2«l  .  00*  F»C/<  L*  1  E- 6>  *  D2«  . 15*  El *.9* 

M  $«2«>  5*  D“20E3 

50  IF  L-1.06  THEN  B$"  5*  FI  - .  03*  L2«  1 . 3*  RO- .  03 1  *  E2-  .  4 
55  IF  L-.89  THEN  BS-20* FI ■ . 20*L2* I • 6* R0». 03 l *( ♦ 89 / 1 • 06> * l . 1  * E2« . 6 
60  IF  La  •  63  THEN  B$- 5.  FI  «■  .  3  7*  L8- l  .8*  P0»  .  03 1  *C  .  63/ 1  •  06>  t  l  .  1  *  E2- .  4 
6  5  Q=W*<  PI  *M$*D2)  f 2*BS*E1  *E2*Fl  /(  1  6*F?>  »B-Q/<H*  F> 

70  DEF  FNEOO»<SQRIt*K*X*Ti/<B*T2  )>-!*/<  SQR<  1 *K*X*T1 /< B*?2>  >  ♦  1  > 

75  ON  Ql  60 SUB  100*200*300*400*500 
8  0  GOTO  2000 

100  PHI  NT"DATA  VORDS/RANGE  PULSE  OPPORTUNI  TV**I 
1  05  INPUT  A 

110  PRINT"M-ARY  CONSTANT"! 

1 15  INPUT  M 

120  A  1  =  D*(  A*  •  S>  /<  A«L0G2CM>  >  »  T1 ■ 3E-4/AI#  T2«B*Tl#K- 1 » V« 1 
125  DEF  FNP<X>-.25*tM-l>*EXP<-X*Tl*FNE(X>  > 

130  GO  S’ IB  1 000 
1 35  RETURN 

200  T2* T!«5E-5*K«2*M-2*Y- 1 

205  DEF  FNP<  X) ■  •  5*EXP<  "X*Tl  *FNE<X>  ) 

210  GOSUB  1000 
215  RETURN 

300  PRI NT"TAU  SUB  T  IN  SECONDS"! 

305  INPUT  T1 

310  PRI NT" DATA  PULSES/DATA  PERIOD”! 

315  INPUT  U 

320  T2=-2*T1*K«»2*M-2*Y»U 

325  DEF  FNP<XX.  5*  EXP< -X»U*  T1  *  FNE<  X>  > 

330  GOSUB  .000 
335  RETURN 

400  PRINT"TAU  SUB  T  IN  SECONDS"! 

405  INPUT  T1 

410  T2*2*T1*K«2»U»*05*M-2»V«1 

415  DEF  FNP<X)«.5*EXP(-X*T1*FNE<X>) 

420  GOSUB  1000 
485  RETURN 
500  GOTO  200 

1000  IF  Q  1«*3  THEN  V»2/<T1*U>  ELSE  V« 2/TI 
1005  FOR  S1=»V  TO  1000*V  BV  V 
1010  IF  FNPCS1X-I.02E-7  THEN  1100 
1015  NEXT  SI 

1100  FOR  S2».9*S1  TO  l.l*Sl  BY  .Ol*Sl 
1105  IF  FNP<S2X«1.02E-7  THEN  1200 
1110  NEXT  S2 

1800  FOR  S«.9*S2  TO  1.1*52  BY  .001*52 
1205  IF  FNPCSX»1.02E-7  THEN  1215 
1210  NEXT  S 


121*  P=FNP<S> 

1220  RETURN 

2000  dim  dcsoj 

2005  STRING  T<  50)  #  U<  50) 

2010  T<  1  )  -"WAVELENGTH'S  TC  2)  -"XMTR  ANTENNA  BEAMWl  DTrt'S  TC  3 > -”XM TR 
ANTENNA  FFFICl  FNCY'S  TC  4)»"6MTR  OPTICS  THANSMI  TTANCE'S  TC  5>»"RCVR 
ANTENNA  APERTURE'S  TC  6>»"RCVR  ANTENNA  effici  ency" 

2015  TC7)="RCVR  OPTICS  TRANSM I  TTANCE'S  TC  8  )  ■  "RC  VR  FIELD  OF  VIEWS 
TC9)="RCVR  OPTICAL  PASSBAND'S  T(  1 0) -"XMTR  EFFECTIVE  ANTENNA  DIAMETER'S 
Till)  -"RCVR  PM  QUANTUM  EFFl  Cl  ENCY"#  T<  12) -"BACKGROIND  IRRADIANCE" 

2020  T<  1 3 ) -"BACKGROUND  PE  RATE'S  T<  1  A) -"BACKGROUND  PE  COUNT/DECISION  TIME 
TC  15)-"REQUl RED  PE  SIGNAL  RATE'S  TC  1  6> -"SI  GNAL  PE  COINT/DECI  SI  ON  TIME'S 
T(17)«"TAU  SUB  T'S  T<  IB) -"TAU  SUB  R" 

2025  TC  19) -"BUCHER  ERROR  PROBABILI TY'S  TC 20) -"SLANT  RANGE'S  T(  2  1 )  ■ 

"DATA  RATE'S  T<  22)  ■"POINTING  LOSS  FACTOR'S  T(  2  A) -"TOTAL  LASER  OUTPUT 
POWER  < PEAK) "#TC 23) -"TOTAL  LASER  OUTPUT  POWER  C  AVG>  "#  TC  50)  “"LASER 
OUTPUT  POWER" 

2030  TC27)="M-ARY  CONSTANT'S  TC  28) -"DATA  WORDS/RANGING  OPPORTUNITY'S 
TC  29 )  -  "DATA  PULSES/DATA  PERIOD'S  TC  25> -"ATMOSPHERI  C  COHERENCE  DISTANCE'S 
U(  2  5) “"CM" 

2035  T<31)-"XMTR  OPTICS  LOSS'S  T<  32 )  -"XMTR  ANTENNA  GAI  N'S  TC  33)  ■" 

POINTING  LOSS'S  TC  34)="SPACE  LOSS'S  T<  35) ■"ATMOSPHERI  C  ABSORPTION  LOSS'S  T* 
"RCVR  OPTICS  LOSS" 

2040  T<  37)  -"RCVR  ANTENNA  GAI  N'S  TC  30  )  ■"RECEI  VED  POWER'S  Tt  39 ) -"I  NTEGRATED 
SIGNAL  PERIOD'S  TC  40)»"RECEI  VED  ENERGY  /BIT'S  TC  41  )  ■"ENERGY/PHOTON'S  TC  42)  ■ 
"RECEIVED  PHOTONS/BIT" 

2045  T<  43  )  =" QUANTUM  EFFI  C I  ENCY".  T<  44>="RECEI  VED  PHOTOFLECTRONS/BI  T'S 
T(  45) -"REQUIRED  PHOTO  ELECTRONS/BI  T'S  T<  46> -"TURBULENT  AIR  LOSS 
FACTOR'S  T(  47) -"MARGIN" 

2050  UC  1  )  -»MI  CRONS'S  U<  2  )  .  U<  8  )  -"MI  CRORADI  ANS'S  UC  5)  #  UC  1  0) -"CM'S  U<  9  )  ■ 

"ANGSTROMS'S  U<  12) -"MW/SQM-ST-ANG'S  UC  13>#UC  1  5) -"COIWTS/SEC'S 

UC  1  7)  *  UC  1 8 )  -"NANOSECONDS"#  UC  20) «"KM"»  UC  2 1  >  ■"KBPS"#  UC  23)  #  UC  24)  ■"MW" 

2  055  UC  30)  *  UC  38  )  ="DBVS  UC  39  )  -"DB-SEC'S  UC  40)  #  UC  4 1 )  -"DB  J'S  UC  I  ) •"DB" 

FOR  1=31  TO  3  7.42  TO  47 

2060  Z 1 6BD«  DD'S  Z2-"3B3Z#  3Z'S  Z  3«"  7Z  •ZZ'S  Z4-"6Z  •  3Z'S  Z5«"2BD*  DDESDD'S 
Z6=”7SD.D'SZ7="2B38X  8S.S  B20X/"#  Z8-"2B38X  102  B20X/"# Z9-"7ZD. D" 

2  065  W1-20E-6.X1-*  75#X2».8#XS«.9  5 

2070  PRI NT"TO TAL  AVG  XMTR  POWER  IN  MW  AND  NUMBER  OF  XMTRS"* 

2075  INPUT  PS# NS 

2080  PRI NT" SLANT  RANGE  IN  KM"« 

2085  INPUT  R 
2090  N9  =  STRCN$) 

2095  IF  R>45E3  THEN  L2-0 
2100  DEF  FNDCX)«10*LGTCX) 

2105  L1=82.2-2*FNDCR*.  539  6)  -2*FNDC  F) # L3« FNDC XS)  #  Dl-  1 .  1 25*C L*  I  E- 6) /Wl 
2110  Gl-FNDCXl*CPI*Di/<L*lE-6>)  i2>#  G2-FNDC  Et*CPI*D2/ 

C  L*  1  E-6)  )  1 2)  #  GO- FNDC XI  *C  PI  *RO/C  L*  l  E-  6)  >  »2> 

2115  DC  1)»L#DC2)«W1*1E6#DC3)»X1»DC  4>-X2#DC  5>»  100*02#  DC  6) -El#  DC  7>«E2# 

DCS ) -MS* 1 E6 

2120  DC  9 )  -B$#  DC  1 0)  «  1 00*  Dl  #  DC  1  l)-Fl#DC  12)-W*1E3#DC  13)-B#DC  14>-B*Y*T2# 

DC  1  5)  »S»  DC  1  6)»S*Y*T1 

2126  DC  1  7)  =  T1*  1E9.DC  1 8 ) -T2*  1  E9#  DC  19 )  ■  P#  DC  20>-R»  DC  fi  i  > -D*  l E-3# 

DC22>-XS#DC23>-P*#DC25)-100*R0 

2130  IF  Q 1  ■  l  THEN  DC 24) -PS/3E-4 

2135  IF  01«2  OR  Ql«5  THEN  DC24)»DC23> 

2140  IF  01-3  OR  Ql-4  THEN  DC  24>-PS/C  Tl*D*C  U*l>  > 
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2  145  D<  2 7)  «M#  DC  28  >  « A»  DC  29  )  -  U#  DC  30)  ■  FNDC  DC  24>  /  l  E3)  *  DC  3D-FNDCX2) 

2  150  IF  R<  45E3  AMD  N#"SUN  GUI  MT*' 

THEN  n<  32) • G0*C 1 / ( < 2 .  5323F- 3> - . 30766 ♦ D1 /RO) > ,  T( 32) • 

T<  32)  ♦  "  C TURBULENT  AIR)  "ELSE  DC  32) -G1.  TC  32>«TC  32)  ♦ 

••  C  FREE  SPAC  E>  " 

2  155  L5-G2+EMRC  F2  )  «-L  1  -L2+L3*  FMDC  X2  >  *DC  32) 

2  1C-0  DC  33>  -FMDC  X$),  DC  34) -LI  *  DC  35>--L2.  DC  3  6>  ■  FNDC  E2  >  *  DC  3  7)  -G2# 

DC  38 )  a  DC  30)  +LS 

2165  DC  39)  «  FMDC  T1*T  /L0G2CM)  >  «  DC  40 )■  DC  38  >  ♦  DC  39  )  »  DC  4 1 )  ■  FN  DC  H*  F)  » 

DC  42>-DC  40)  -DC  41  >  *D<  43>-FNDC  F1/F2>»DC  44)-DC  42)+DC  43) 

2  170  DC  45)  *  FMDC  S*  T1 *Y /L0G2C  M  >  ) 

2175  IF  DC  23)  -DC  24)  THEM  TC  30)-TC  50>*"  (AVG>M  ELSE  TC  30)  ■  TC  50)  ♦ 

"  CPEAlO" 

2  180  IF  R< 45E3  AMD  N#"SUN  GLINT"  THEN  GOSUB  2500 
2185  DC  47) -DC  44) -DC  45)  *DC  46) 

2  190  IF  R<  45E3  THEM  M3-"CGT  TO  SS)"  ELSE  IF  R*45E3  THEN  N8- 
"CSS  TO  SS)"  ELSE  IF  R<45E3  AMD  N-"SUM  GLINT"  THEN  N8-"CAT  TO  SS)" 
2  195  PR1NTINF0RM"9/1 lB'LOW  DATA  RATE  LASER  LINK  ANAL  Y  SI  S  '  4B  1 0X3/ 
3B 'HACK GKO LMDt  'B15X  3B40X3/'LINK  PARAMETERS)  ,2/"»N8>M.Ml> 

"  ST  STEM  -••♦N4*"  LASER" 

2200  FOR  1  =  1  TO  25 

2205  IF  1-25  AMD  R»4SE3  OR  1*25  AND  N«"SUN  GLINT"  THEN  2255 
2210  PR  I  NT  I  NF0RM"2B38X"  )  TC  I  ) 

2215  PRINTINFORM  21)  DC  I  )  IF  1-1 

2220  PRINTINFORM  Z2)DCI)  IF  1-2  OR  1-8  OR  1-9  OR  I  •  1 7  OR  I- 
18  OR  I =20  OR  1-21  OR  1-24 

2225  PRINTINFORM  Z3«DCI)  IF  I>2  AND  I<8  OR  1-10  OR  1-22  OR  1- 

1  6  OR  1-25 

2230  PRINTINFORM  Z4)DCI>  IF  1-11 

2235  PRINTINFORM  Z5)DCD  IF  1-13  OR  1-14  OR  1-15  OR  1-19 
2240  PRINTINFORM  Z9  i  DC  I  )  IF  1-12  OR  1-23 
2245  PRINTINFORM  "B20X/"t  UC  I  ) 

2250  NEXT  I 

2255  IF  Q 1  #  1  THEN  2275 

2260  FOR  1-27  TO  28 

2265  PRINTINFORM  Z8  )  TC  I  )  »  DC  I  )  »  U<  I  ) 

2270  NEXT  I 

2275  PRINTINFORM  Z8  I  TC  29  )  ,  DC  29 )  ,  U<  29  )  IF  QI-3 
2280  PRINTINFORM'V’LINK  CALCULATION)  *2/" 

2285  FOR  1-30  TO  47 

2290  IF  1-46  AMD  R>45E3  THEN  2310 

2295  PRINTINFORM  Z  7)  TC  I  )  ,  DC  I  >  »  U<  I  ) 

2300  PRINT  IF  1-46 
2305  NEXT  I 

2310  PRINTINFORM"/ 'PREPARED  ON 'BY 5X10/") DATE 
2315  QUIT 

2500  CS--.04*.  158*C  D1  /RO) 

2505  IF  NS>  1  THEN  C  S- .  2  5*L0GC  Cl  /NS)  *<  EXPC  4*C$>  -  l )  ♦  1 ) 

2510  K$-2l*EXPC  14.45-CS)  IF  DC14X1 
2515  KS-40*EXPC  15*CS)  IF  D<14)>-1  AND  DC14><50 
2520  KS-104*EXPC21. 7*CS)  IF  DU4)»-50 
2525  D<  46)  -  FNDC  DC  1  6)  /K$> 

2  530  RETURN 
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INTRODUCTION 

The  conceptual  and  mathematical  analysis  of  the  acquisition  and  tracking  system  re¬ 
quired  for  a  satellite  data  relay  system  is  presented  here.  The*  subject  is  divided 
according  to  the  acquisition  and  tracking  phases  or  sequences,  since  different  detec¬ 
tion  and  tracking  strategies  apply  to  the  different  phases.  Two  terminals  of  the  satel¬ 
lite  data  relay  system  are  required  to  acquire  and  track  each  other.  One  terminal 
carries  a  Package  A  transceiver  designed  to  transmit  high-rate  data;  the  other  termi¬ 
nal  carries  a  Package  B  transceiver  designed  to  receive  high- rate  data  and  transmit  a 
beacon  carrying  low-rate  data.  A  separate  acquisition  beacon  also  may  be  carried  on 
Package  B. 

The  acquisition  and  tracking  phases  may  be  described  as  follows: 

I  -  Package  A  receiver  acquires  Package  B  beacon. 

II  —  Package  B  receiver  acquires  Package  A  signal. 

III  -  Package  A  receiver  tracks  Package  B  beacon. 

IV  —  Package  B  receiver  tracks  Package  A  signal. 

V  —  Packages  A  and  B  fine-track  each  other. 

Several  stages  are  assumed  since  the  signal-to-noise  ratio  improvement  at  each  stage 
must  be  sufficient  to  permit  further  improvement  in  the  tracking  and  pointing  accuracy 
in  the  succeeding  stage. 

The  analysis  is  dependent  upon  an  understanding  of  quadrant  and  image  dissector 
photodetectors,  so  their  characteristics  are  briefly  described.  The  beacon  lasers 
available  are  also  listed.  Detection  strategies  are  considered,  and  an  analysis  of 
detection  statistics  is  presented. 


0-1 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

IOCKHEEO  M  i  5  S  I  I  t  S  4  S  P  A  C  t  COMPANY 
A  G  •  O  U  *  Division  Of  lOf  <H(tD  A  i  •  C  •  a  *  I  COlPOftAl.ON 


LMSC  -B290200-III 


Section  1 

INITIAL  ACQUISITION  -  PHASE  I 


1.1  DEFINITION 

Package  A  will  always  acquire  the  beacon  on  Package  B  in  the  first  phase,  since  Pack¬ 
age  B  will  carry  a  beacon  laser  especially  suitable  for  this  phase.  Phase  I  includes 
the  following: 

ft)  The  alignment  of  the  telescope  on  each  terminal  to  point  in  the  direction  of 
the  other  within  the  altitude  and  ephemeris  uncertainties  present 

(2)  The  transmission  of  a  beacon  signal  from  one  terminal  to  the  other 

(3)  The  reception  of  the  beacon  signal  and  verification  that  the  received  signal 
was  not  due  to  noise 

(41  The  improvement  in  pointing  of  the  receiver  until  a  predetermined  pointing 
accuracy  is  achieved  and  the  receiver  can  transmit  its  own  laser  beam  to 
permit  Phase  II  to  begin 

The  time  it  takes  to  perform  the  initial  alignment  of  the  two  terminals  will  depend  on 
the  amount  of  misalignment  present  and  the  rate  at  which  the  telescopes  can  be  driven. 
In  the  case  of  two  terminals  that  are  idle  before  the  init.al  acquisition  begins,  this 
initial  alignment  time  is  of  no  system  consequence  since  it  can  be  accomplished  during 
the  idle  time.  For  example,  a  low-orbit  satellite  just  coming  over  the  horizon  into 
view  of  a  synchronous  satellite  relay  can  be  performing  initial  alignment  before  it 
comes  into  view.  However,  if  one  terminal  is  transferring  transmission  from  one  dis¬ 
tant  terminal  to  another,  the  initial  alignment  time  is  very  significant  and  must  be  in¬ 
cluded  in  the  acquisition  time.  This  case  occurs  when  a  low-orbit  satellite  user 
swatches  from  using  one  relay  to  another,  or  when  a  relay  satellite  finishes  relaying 
the  message  of  one  user  and  switches  to  relay  or  receive  from  another  user. 
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A  complete  discussion  of  the  initial  alignment  time  is  presented  in  Vol.  II,  Task  3.  It 
involves  a  detailed  discussion  of  the  inertia  of  the  telescopes,  the  torques  of  the  drives, 
and  the  reaction  on  the  platform.  For  the  purpose  of  the  present  analysis,  both  the 
alignment  time  and  the  propagation  time  for  the  beacon  signal  to  travel  between  the 
terminals  (about  0.25  sec  at  most)  are  treated  as  system  parameters  which  must  be 
added  to  the  receiver  acquisition  time. 

The  receiver  acquisition  time  is  thus  defined  as  the  time  required  for  the  receiver 
terminal  to: 

(1)  Search  its  uncertainty  field  of  view 

(2)  Receive  and  verify  the  detection  of  a  beacon  signal 

(3)  Improve  its  pointing  accuracy  to  the  required  degree  for  returning  its 
own  beacon  to  the  distant  terminal.  The  receiver  acquisition  time  is 
a  random  variable,  since  system  noise  and  initial  pointing  uncertainty 
will  cause  the  time  to  vary.  In  general,  the  acquisition  time  is  TA(P) 
with  a  probability'  P  that  the  acquisition  will  take  place  in  time  TA(P) 
or  shorter. 

It  is  relevant  to  define  the  99%  probable  receiver  acquisition  time  such  that  99%  of  the 
initial  acquisitions  will  take  place  in  that  time  or  less.  The  selection  of  99%  as  the 
probability  criterion  is  arbitrary,  and  must  be  examined  in  terms  of  the  system  effect 
of  a  longer  time  for  1%  of  the  acquisitions,  and  also  how  much  longer  a  time  is  ex¬ 
pected  for  these  exceptional  cases.  A  detailed  requirements  analysis  is  beyond  the 
scope  of  this  program,  since  it  is  a  function  of  the  mission  that  the  relay  subsystem 
is  supporting.  Some  cases  have  been  considered  in  "Acquisition  and  Tracking  -  Sub¬ 
system  Requirements  Analysis,  "  Technical  Memorandum  No.  13,  and  summarized  in 
Appendix  V,  where  it  is  concluded  that  an  acquisition  time  defined  for  99%  of  the  acqui¬ 
sitions  is  adequate  if  99.99%  of  the  acquisitions  occur  within  twice  this  time. 

1.2  INITIAL  ACQUISITION  BEACON  ALTERNATIVES 

Several  types  of  beacons  are  considered  for  the  subsystem.  Since  the  beacon  must 
also  act  as  the  carrier  for  the  low-data-rate  channel,  the  most  desirable  beacons 
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are  those  that  can  perform  all  functions  and  require  low  development  risk  and  cost, 
and  have  low  weight  and  prime  power  requirements.  A  complete  exposition  of  available 
beacon  characteristics  is  presented  in  Vol.  II  under  Task  5.  These  have  been  selected 
with  attention  given  to  the  constraints  on  weight  and  prime  power  of  Package  B.  In 
particular,  the  prime  power  goal  of  50  W  for  Package  B  has  limited  consideration  to 
a  semiconductor  laser  diode,  a  semiconductor-diode-pumped,  Q-switched  Nd:YAG 
laser  and  a  flash-lamp  pumped  Nd.YAG  laser  for  the  initial  acquisition  (Phase  1). 

For  later  phases  (III  and  V),  a  HeNe  space-qualified  laser  is  also  considered. 


1.3  PHOTODETECTORS 


Two  types  of  photodetectors  can  provide  pointing  information:  a  quadrant  detector 
and  an  image  dissector  detector. 

1.3.1  Quadrant  Detector  Characteristics 

With  a  quadrant  detector  used  for  initial  acquisition,  the  receiver  field  of  view  is 
divided  into  four  quadrants,  each  of  which  is  imaged  onto  a  separate  photodetector 
surface.  For  maximum  acquisition  efficiency,  each  quadrant  is  sensitive  at  all  times 
and  each  has  its  own  electronic  receiving  and  decision  circuits.  The  image  of  the  re¬ 
ceived  signal,  focused  to  a  size  much  smaller  than  a  quadrant  detector  diameter,  is 
incident  on  one  of  the  quadrants.  When  the  receiver  decides  that  one  quadrant  contains 
the  signal,  using  the  logic  described  below,  tracking  information  has  been  obtained. 
Receiver  pointing  may  be  improved  by  commanding  the  tracking  mirrors  to  move  so 
that  the  image  moves  toward  the  center  of  the  field.  The  first  verified  signal  pulse 
may  move  the  image  one-half  a  quadrant  diagonal  (one-fourth  of  the  field  of  view). 

The  second  signal  pulse  then  moves  the  image  one-quarter  of  the  diagonal,  etc.  ,  so 
that  after  Nq  signal  pulses  the  receiver  tracking  and  pointing  uncertainty  has  improved 
bv  a  factor  R  ,  where 


R 


q 


or  Nq  -  l°g2  Rq 


The  final  pointing  uncertainty  is 


(1/Rq) 


of  the  initial  field  of  view. 
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1.3.2  Image  Dissector  Detector  Characteristics 

For  the  image  dissector  detector,  the  instantaneous  field  of  view  (IFOV)  is  smaller 
than  the  total  uncertainty  field  because  the  detector  is  designed  to  collect  photoelectrons 
over  only  a  portion  of  its  total  sensitive  area.  This  portion  is  electrically  scanned  over 
the  entire  cathode  or  uncertainty  field.  When  a  verified  signal  Is  received  in  one  time 
slot  during  a  receiver  scan,  the  knowledge  of  the  scan  position  at  that  time  reduces  the 
pointing  uncertainty  from  its  initial  value  to  that  corresponding  to  the  instantaneous 
field-of-vlew  angle. 

An  improvement  in  acquisition  time  can  result  if  the  image  dissector  has  several 
masks  to  provide  several  different  instantaneous  fields-of-view.  The  largest  IFOV  is 
scanned  first;  after  it  receives  a  verified  signal,  and  the  receiver  corrects  its  pointing, 
control  is  switched  to  the  next  smaller  IFOV  which  scans  the  uncertainty  field  of  the 
larger  mask,  etc.  Let  the  ratio  of  the  total  uncertainty  field-of-vlew  to  the  desired 
final  pointing  uncertainty  be  Rm  »  1 .  If  the  pointing  improvement  of  each  IFOV 
mask  over  the  previous  one  is  R.  ,  and  each  of  g  masks  results  in  the  same  improve¬ 
ment  factor  over  the  previous  mask,  then 

nm  -  (1.2, 

Since  the  receiver  scan  elements  must  overlap  slightly,  the  number  of  elements  in  a 

scan  line  is  R./f,  where  f  is  an  overlap  factor  (less  than  one  representing  the 

1  2 

fraction  not  overlapped).  At  least  (Rj/f)  pulses  must  be  received  to  scan  one  mask 
over  its  field.  The  total  number  of  receiver  pulses  Nm  to  reduce  the  pointing 
uncertainty  to  Rm  ,  assuming  the  whole  field  must  be  scanned,  is  thus 

Nm  =  g(r)  =  8Rmgf"2  <13> 
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1.3.3  Detector  Comparisons 

The  advantage  of  the  image  dissector  detector  over  a  quadrf  t  detector  is  that  the 
background  signal  can  be  made  significantly  smaller  because  the  IFOV  of  the  image  dis¬ 
sector  is  much  smaller  than  a  one-quadrant  field-of-view.  Also,  a  single  verified 
signal  reduces  the  receiver  tracking  uncertainty  to  the  IFOV  angle  in  an  image  dis¬ 
sector  system,  while  several  signal  pulses  are  required  by  a  quadrant  detector  system. 

The  image  dissector  has  a  disadvantage  for  an  acquisition  search  in  that  it  makes  in¬ 
efficient  use  of  the  incoming  signal.  For  most  of  the  search  time,  the  signal  image  is 
not  detected  since  the  IFOV  is  not  aimed  at  the  transmitter.  Thus,  signal  photons 
hitting  the  cathode  are  wasted  during  most  of  the  search.  It  can  be  shown  that  the  loss 
of  incoming  signal  causes  the  image  dissector  to  take  considerably  longer  to  acquire 
than  a  quadrant  detector  when  background  is  low.  However,  with  high  background,  an 
image  dissector  may  be  the  only  feasible  type  of  detector  to  find  the  signal. 

The  relative  inefficiency  of  the  image  dissector  for  acquisition  is  made  clearer  by  the 
following  example.  Assume  that  a  receiver  pointing  improvement  factor  of  64  is  de¬ 
sired,  so  that  R  =  Rm  =  =  64  .  Compare  the  quadrant  detector  with  two  differ¬ 

ent  image  dissectors,  one  having  g  =  l  (one  IFOV  mask)  and  the  other  having  g  =  4 
(four  IFOV  masks),  and  assume  no  overlap  (f  =  1)  .  By  Eqs.  (1.1)  and  (1.3),  one 
finds  that  the  required  number  of  signal  pulses  are  =  6  for  the  quadrant  detector, 

N  =  4096  for  the  g  =  1  image  dissector,  and  -  32  for  the  g  =  4  image  dis¬ 
sector.  Thus,  the  quadrant  detector  requires  by  far  the  fewest  received  signal  pulses. 

It  has  been  implicitly  assumed  that  a  complete  field  scan  by  the  image  detector  is 
required  to  detect  with  greater  than  99%  probability. 

The  quadrant  detector  is  not  necessarily  the  fastest  acquisition  receiver  if  background 
is  present  and  the  pulse  repetition  rate  is  variable.  With  background  present,  the 
smaller  IFOV  of  the  image  dissector  results  in  a  lower  background  so  that  signal  de¬ 
tection  requires  less  pulse  energy.  Thus,  for  a  constant  average  laser  power  a  higher 
pulse  repetition  rate  is  feasible  using  the  image  dissector  than  with  the  quadrant 
detector.  With  low  background,  the  quadrant  detector  is  clearly  preferred. 
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1.4  DETECTION  STRATEGY  FOR  PULSE  ACQUISITION 

The  simplest  detection  rule  is  that  for  a  monopulse  threshold  detection  system  in  which 
the  receiver  decides  that  a  signal  is  present  if  a  preset  (but  adaptive)  threshold  is  ex¬ 
ceeded.  In  one  type  of  system,  no  advantage  is  taken  of  the  known  repetition  period  of 
the  laser.  This  type  of  simple  monopulse  detection  is  adequate  only  if  the  signal  is  very 
strong,  permitting  the  threshold  to  be  set  high  enough  so  that  background  will  not  cause 
a  high  probability  of  false  detections. 

A  more  optimum  and  easily  implemented  system  is  one  which  takes  advantage  of  the 
regular  pulse  interval  out  of  the  beacon  laser.  The  first  pulse  received  over  threshold 
starts  a  clock  and  sets  a  receiver  detection  gate  to  again  open  at  the  expected  arrival 
time  of  the  second  signal  pulse.  The  receiver  decides  that  a  signal  pulse  has  been 
received  only  if  the  signal  in  the  second  period  is  also  over  threshold.  This  type  of 
detection  circuitry  can  be  used  with  either  quadrant  detectors  or  image  dissectors. 

With  a  quadrant  detector,  it  is  assumed  that  each  quadrant  has  its  own  two-pulse  veri¬ 
fication  circuitry.  If  an  initial  pulse  arrives  at  any  quadrant,  that  quadrant  is  deacti¬ 
vated  for  a  time  that  is  a  little  less  than  the  expected  pulse  interval  tD  .  The  gate 
opens  with  a  width  At  (to  account  for  Doppler  shifts  and  other  uncertainties)  and  the 
decision  circuit  determines  if  a  second  pulse  over  threshold  is  received.  As  soon  as 
any  quadrant  has  made  a  verified  acquisition,  the  gate  timing  becomes  common  for  all 
quadrants.  If  a  second  signal  pulse  is  not  received,  the  initial  search  condition  re¬ 
starts.  Figure  1  shows  the  electrical  signals  at  the  receiver  during  this  process. 

W'ith  an  image  dissector,  a  single  two-pulse  verification  circuit  is  used.  As  the  IFOV 
is  scanned,  a  pulse  over  threshold  will  be  received  at  some  detector  element  in  the 
scanned  field.  The  scan  is  stopped  and  a  return  is  made  to  that  element  to  wait  for 
the  verification  pulse.  A  gate  is  opened  at  the  expected  time  of  arrival  of  the  second 
pulse.  If  no  pulse  is  observed,  scan  continues.  Depending  on  the  bavi-^round  conditions, 
gating  may  or  may  not  be  necessary. 


0-7 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

LOCKHEED  MISSILES  l  SPACE  COMPANY 
A  GROUP  DIVISION  Of  lOCKMtto  AIICIAM  COHOIaIiON 


LMSC-B290200-I1I 


1.5  MONOPULSE  DETECTION  STATISTICS  i 

A  receiver  which  is  to  optimally  detect  a  pulse  of  optical  energy  in  the  presence  of  * 

background  power  is  a  quantum  detector  which  effectively  counts  photoelectrons  in 

each  integration  period  and  compares  the  number  to  an  optimally  selected  threshold  1 

value.  In  practice,  this  can  be  achieved  with  a  photomultiplier  having  sufficient  gain  > 

that  photocathode  shot  noise  predominates  over  amplifier  Johnson  noise.  However,  ! 

if  the  quantum  efficiency  of  the  photomultiplier  is  very  low,  a  better  detector  may  be 

one  that  has  a  higher  quantum  efficiency  but  little  or  no  gain,  even  if  Johnson  noise 

becomes  significant.  The  detection  statistics  are  analyzed  on  the  basis  of  a  detector  I 

circuit  shown  in  Fig.  2.  i 


GAUSSIAN 


PsFOR 


Fig.  2  Receiver  for  Pulse  Detection 

The  analysis  is  first  performed  for  the  case  of  negligible  Gaussian  noise.  In  each 
integration  time  tg  ,  background  photoelectrons  equal  to  Kg  on  the  average  are 
released  from  the  detector.  If  Pg  is  the  background  power  incident  on  the  IFOV  of 
the  detector  with  quantum  efficiency  and  noise  figure  Fg,  then 
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K 


B 


T,D^>BtR 
FD  hv 


(1.4) 


where  h  is  Planck's  constant  and  t.  Is  the  optical  frequency.  The  receiver  noise 
factor  is  assumed  to  effectively  reduce  the  quantum  efficiency.  When  a  signal  pulse 
arrives  with  peak  power  P^,  and  duration  tp,  additional  photoelectrons  are  released, 
where  the  mean  additional  number  released  is 


K 


S 


T,DPStP 

FDh, 


(1.5) 


The  total  mean  number  of  photoelectrons  released  during  t„  when  a  signal  pulse  is 

K 

present  is  thus 


K;Ks4Kb 


(1.6) 


It  is  well  known  that  the  actual  number  of  photoelectrons  emitted  from  the  photocathode 
closely  follows  a  Poisson  distribution.  The  output  of  the  optimum  detector  in  Fig.  2 
will  be  proportional  to  the  number  of  photoelectrons  emitted  during  each  interval  tR  . 

If  a  threshold  is  set  that  is  proportional  to  a  definite  number  of  emitted  photoelectrons 
K^.  ,  then  the  receiver  decides  a  signal  has  been  received  if  the  threshold  is  equaled 
or  exceeded,  and  decides  that  no  signal  has  been  sent  if  the  threshold  is  not  exceeded. 
The  selection  of  the  optimum  threshold  is  a  subject  reserved  for  later  discussion. 


The  false  detection  probability  during  a  time  tR  is  the  probability  Pf  that  the  thresh¬ 
old  is  exceeded  when  only  background  is  present,  and  is  given  by 


2 

n  =  KT 


IK  *B 

(Kb)  e 

n'. 


kt  ~kb 
<kb>  e 
KT’.  [1  -  (Kb/Kt) 
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where  the  approximation  Is  useful  when  Kg/K^  <0.8  and  when  >  10  .  A  plot 
of  K^,  versus  Kg  for  a  several  values  of  Pf  is  given  in  Fig.  3,  When  Kg  is 
large  (>  100),  a  Gaussian  approximation  is  useful, 


where 


oc 


for 


X  >  3  (1.8) 


K„ 


K 


X  = 


B 


<kb) 


1/2 


(1.9) 


Tables  of  functions  of  Eqs.  (1. 7)  and  (1.8)  are  given  in  a  number  of  places  (Ref.  1) 


and  have  been  extended  by  LMSC  to  very  low  values  of  P{  (10 
of  Kfi  <  200  . 


-34 


)  for  selected  values 


The  probability  of  missing  a  signal  pulse  incident  on  the  receiver  is  the  probability 
that  the  threshold  is  not  exceeded.  This  miss  probability,  Pm  ,  is  given  by 


&T-1 

p  V  K”e-K  K^e-K 

m  / A  n!  *  Kt:[(K/Kt)  -  1] 


(1.10) 


where  the  approximation  is  useful  for  ICp/K  <  0.8  and  K^.  >  10  .  The  exact  ex¬ 
pression  for  Pni  was  used  to  plot  Fig.  4  relating  K  and  K^.  for  several  values  of 
Pm  ■  When  K  is  large  (>  100) ,  the  Gaussian  approximation  for  Pm  is 


P 

m 


(2rr) 


172 


/  -  ‘  U 


exp  (-Y72) 

T72  Y 


for  Y  >  3 


(111) 
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where 


K  -  K„. 


(M2) 


For  ease  in  writing,  an  effective  background  K*  will  be  assumed  to  include  dark 
current  counts;  i.e.,  K*  -  K~  +  (I-t^/e)  .  Whenever  is  written,  this  substi- 

D  O  UK  D 

tution  shall  be  understood. 


For  ease  in  performing  calculations,  a  plot  of  Eq.  (1.8)  [and  Eq.  (1,11),  which  is 
identical  in  form]  is  given  in  Fig.  5.  With  P^.  and  P^  selected,  this  curve  can  be 
used  to  obtain  X  and  Y  by  entering  the  curve  at  P  =  P.  and  P  =  P  .  When 
Kp  is  known,  can  be  determined  by  using  Eq.  (1.9).  Equations  (1 . 6)  and  (1 . 12) 


can  then  be  used  to  find  the  required  K, 


When  K  >>  K„  >  100  ,  a  further  sim- 
B  o 


plification  can  be  made  by  eliminating  an  Intermediate  calculation  of  X  ,  Y  ,  and 
It  can  be  shown  that  the  voltage  signal-to-noise  ratio  (S/N)v  in  a  baseband  system 
from  a  pure  Poisson  process  is 


<Ks  *  V175 


T7S  *  *  *  Y 


(1.13) 


Thus,  given  P^  and  P^,  only  one  value  of  (S/N)y  is  found  that  satisfies  Eqs.  (1.8), 
(1.9),  (1.11),  (1.12),  and  (1.14).  The  results  are  plotted  in  Fig.  6.  However,  when 
K  is  not  much  greater  than  K  ,  it  is  more  accurate  to  use  Fig.  5  and  the  relationship 


r  +  VTfl/2 

‘B  4 


©r-tf) 


(1.14) 


The  calculation  of  P^  and  Pm  when  additive  Gaussian  noise  is  present  is  much  more 
complex,  since  both  Poisson  and  Gaussian  processes  are  present.  However,  when  K 
and  Kg  are  large  enough  so  that  the  Poisson  distribution  can  be  approximated  by  a 
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j  Fig.  6  Plot  of  the  Required  Signal-to-Noise  Ratio  Versus  Miss  and 
Error  Probability  for  the  Case  of  Gaussian  Noise 
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Gaussian  distribution,  the  solution  is  available.  Let  be  the  cathode  current  due  to 
background  which  has  an  associated  Gaussian  noise  current  [shot  noise  with  tg  = 
(2B)'1 1  of 


(1.15) 


where  e  is  the  charge  on  an  electron.  Note  that,  if  dark  current  adds  to  the 
current,  then 


l 


B 


(1.16) 


Similarly,  the  total  photocurrent  present  when  a  signal  is  present  is 

.  ^De<PS  +  PB> 

SB  Fd  hi/ 


which  has  a  noise  current 


(1.  17) 


(1.18) 


The  amplifier  is  assumed  to  amplify  noise  and  cathode  current  equally  by  M ,  so  the 
output  current  is  MIg  with  noise  =  elgM  /tg  when  no  signal  is  present, 

•ggM2  /  tp  when  the  signal  is  present.  The  re¬ 
sultant  current,  including  additive  Gaussian  noise  current  Iq  ,  is  therefore 


and  MIgB  with  noise  -  eL 


IQ  =  MIg  +  MIgn  +  IG  (no  signal) 
!1  =  MISB  +  MISBn  +  lG  (signal) 
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The  values  of  Pj  and  can  be  determined  by  Eqs.  (1.8)  and  (1.11),  with  a  thresh¬ 
old  current  bj.  and 


and 
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(IT  -  mib) 


(Ml 


Bn 


IG> 


(MI 


Y  - 


SB 


!t) 


<MISBn  +  V 


(1.20) 


(1-21) 


Note  than  these  reduce  to  Eqs.  (1.9)  and  (1.  12)  when  I  T  0  and  I  =  MeK  /t  . 

O  i  I  I\ 

For  a  thermal  noise  source  of  equivalent  resistance  R  at  a  temperature  T  ,  having 

O 

a  noise  figure  F_,  ,  the  noise  current  is 
K 


I 


G 


2kTF  Y  2 

y?) 


(1.22) 


where  k  is  the  Boltzmann  constant. 


The  application  of  these  equations  to  the  practical  problem  of  the  design  and  perform¬ 
ance  analysis  of  the  acquisition  phase  is  approached  by  first  determining  the  desired 
values  of  P,  and  P  and  calculating  P^  for  a  given  system.  The  desired  proba- 
bilities  are  discussed  in  the  next  section.  Once  they  are  determined,  or  I  can 
be  calculated  for  a  given  system  assuming  values  for  t^  ,  .  and  for  M  and 

I„  if  necessary.  Then,  with  P  and  K„.  (or  I_.)  known,  a  calculation  of  the  re- 

Lr  mil 

quired  Kg  or  Pgtp  is  performed.  Comparing  this  with  the  the  actual  signal  energy 
or  Kg  received  provides  the  design  margin. 


1.6  OPTIMIZATION  OF  DETECTION 


The  acquisition  detection  technique  used  determines  the  optimum  values  of  P^  and  P 
These  probabilities  are  selected  by  an  implicit  Bayesian  criterion,  which  means  that 
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relative  weights  are  given  to  the  effects  of  false  alarms  and  misses.  However,  the 
determination  of  the  relative  weights  to  assign  to  minimize  acquisition  time  becomes 
sufficiently  complex  that  an  approximate  approach  is  used.  Since  the  approach  for  the 
quadrant  detector  and  that  lor  the  image  dissector  detector  are  different,  they  are 
treated  separately. 

1.6.1  Acquisition  Using  a  Quadrant  Detector 

In  this  detection  technique,  it  is  assumed  that  receiver  gating  for  the  expected  repetition 
rate  takes  place  whenever  a  quadrant  receiver  detects  a  pulse  over  threshold.  If  the 
first  pulse  is  verified  by  a  second  pulse  about  tD  later,  pointing  improves  by  one-half 
the  field-of-view  and  time  gating  is  operative.  If  no  verification  takes  place,  further 
pulses  are  examined  without  gating. 

After  the  first  verification  takes  place,  it  is  assumed  that  gating  reduces  the  total  false 

alarm  probability  in  a  gate  width  to  such  a  degree  that  only  signal  misses  have  to  be 

considered.  The  problem  is  to  determine  and  then  optimize  the  acquisition  time  T 

expected  with  99%  probability  using  probabilities  Pm  and  P£  in  each  time  interval  tR. 

The  acquisition  time  is  that  required  to  improve  the  pointing  by  a  factor  R.  It  has 

already  been  shown  that  at  least  N  =  log„R  detected  and  verified  signal  pulses  are 

q  l 

required  to  obtain  R  improvement. 

The  total  acquisition  time  T  is 

T  =  NtD  (1.23)  . 

where  N  is  the  total  number  of  possible  pulses  the  receiver  must  have  incident  to  en¬ 
sure  99%,  and  t^  is  the  time  between  received  signal  pulses.  The  number  of  pulses 
required  is  equal  to 

»  ■  f,*1'*  VV  2Nm2  *  N„3  24> 

where 

Nq  =  detected  signal  pulses 

N£  =  number  of  false  alarms  in  the  signal  quadrant  before  a  signal  is  received 
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4 

^  P(N  =  Nq  +  i) 
i  =  1 


which  can  be  calculated  and  set  equal  to  0.99.  Expanding  to  second  order,  one  finds 


2 


N  =  7 


P(N) 


(0.5  +  3P  )  Pf  tn  , 

1  .  I - m  f-P  _  8P2 

m 


(1.30) 


The  miss  probability  Pm  has  canceled  out  in  first  order  because  the  terms  in 

P(N  =  8)  and  P(N  =  9)  cancel  the  term  in  P(N  =  7)  .  A  range  of  values  of  Pm  and 

Pj.  will  allow  P(N  s  9)  ^0.99.  Three  possible  values  are  (1)  P^t^/t^  =  °°2, 

P  <  0.001;  (2)  Pft^/t  =  0.01,  P  =0.02;  and  (3)  P,t_/t  s  0.001,  P_  =0.1. 
m  IDH  in  iUrv  m 

The  set  of  values  in  possibility  (2)  has  been  arbitrarily  selected  for  link  analysis 
calculations. 

1.6.2  Acquisition  Using  an  Image  Dissector  Detector 

In  a  receiver  using  an  image  dissector,  it  is  assumed  as  before  that  a  verification  must 
take  in  each  IFOV  element  that  shows  a  current  exceeding  threshold.  Since  the  detector 
is  electronically  scanned,  the  only  delay  in  verification  is  t ^ ,  with  no  significant  time 
required  for  the  sweep  to  stop  and  start.  Since  an  acquisition  time  probability  of  99% 
is  of  interest,  at  least  one  complete  scan  of  the  field  is  assumed  to  be  required.  The 
time  required  for  one  complete  scan  will  be  approximately 

T j  =  (N  Nf  +  l)tD  (1.31) 

where  N  is  the  number  of  elements  in  the  scan,  Nj  is  the  number  of  false  alarms, 
and  the  dwell  time  per  scan  element  is  made  equal  to  t^  .  The  probability  of 
acquiring  in  time  T^  is 

P(Tt)  -  (1  -  Pm)2P(Nf)  (1.32) 
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The  probability  of  obtaining  exactly  false  alarms  with  «  N  is  given  by 
Eq.  (1.25),  with 


N, 


pf(N  +  Nf)tD 


R 


(1.33) 


If  either  the  first  signal  pulse  or  its  verification  pulse  is  missed,  the  acquisition  time 
becomes  2T9  with  a  probability  P(2T^)  =  2(1-  P^)2 P(2N£).  Since  two  full  scans 
significantly  increase  the  acquisition  time,  the  system  should  be  designed  so  Pm  ^ 
0.005,  giving  P(2T1)  <  0.01.  The  probability  of  having  Nj.  or  less  false  alarms. 


"f 

E  p<Nf) 

0 

is  set  at  less  than  0.  98  so  it  has  negligible  effect  on  the  acquisition  time  probability. 
For  example,  when  =  5  , 


E  P(Nf)  =  0.98 
0 


when  Nj  =  10;  other  typical  numbers  are  =  30  when  =  20  and  NJ.  =  121 

when  Nj.  =  100.  Selecting  Nj.  to  be  about  10%  of  N,  Eq.  (1. 33)  is  used  to  choose 

the  desired  value  of  Pf .  For  example,  when  N  is  100,  =  10,  =  5,  and 

pftD/tR  *“  0.05;  when  N  is  large  (>  1000),  ~  Nf,  and  P^/t  =0.1.  For 

link  calculations,  the  values  Pft_/t,,  =  0.05  and  P  =  0.005  are  chosen. 

i  u  K  m 


in  order  to  relate  these  concepts  to  a  tracking  improvement  ratio  R  ,  reference  must 
be  made  to  the-  concepts  in  section  1.3.  The  number  of  scan  elements  N  for  a  single 
mask  detector  is  related  to  R  by 


N 


<1  34) 
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where  f  1b  the  overlap  factor.  For  a  detector  with  g  masks,  Eq.  (1.3)  applies,  but 
the  value  of  Kg  and  thus  Nj  must  be  considered  separately  for  the  scanning  operation 
of  each  mask. 

1.7  ALTERNATIVE  TRANSMITTER  AND  RECEIVER  SCAN  PATTERNS 

Four  alternate  approaches  to  the  initial  acquisition  phase  can  be  considered: 

(1)  A  broad-beam  transmitter  illuminating  a  wide  field  of  view  receiver 

(2)  A  scanned  transmitter  beam  illuminating  a  wide  field  of  view  receiver 

(3)  A  broad-beam  transmitter  illuminating  a  scanning  receiver 

(4)  A  scanning  transmitter  beam  illuminating  a  scanning  receiver 

1.7.1  Broad-Beam  Transmitter  and  Wide  Field  of  View  Receiver 

This  approach  uses  a  quadrant  detector  receiver  strategy.  Transmitter  pulses  reach 
the  receiver  separated  by  the  laser  pulse  interval  tg  =  tg .  All  the  receiver  concepts 
developed  in  section  1.6. 1  apply  to  this  case.  The  only  feasible  laser  beacon  for  the 
initial  acquisition  can  be  shown  to  be  a  Q-switched  Nd:YAG  by  link  analysis  because 
the  broad  transmitter  beamwidth  results  in  a  small  number  of  photons  reaching  the 
receiver  from  each  laser  pulse.  Strategies  could  be  developed  to  sum  many  pulses, 
but  they  quickly  lose  efficiency  and  become  too  complex. 

Since  the  Q-switched  laser  typically  has  pulse  widths  of  10  to  50  nsec,  a  value  for  t^ 
of  100  nsec  or  less  is  feasible.  The  selection  of  the  laser  pulse  repetition  rate  or 
pulse  period,  t^  =  t^ ,  is  determined  primarily  by  the  energy  per  pulse  required  to 
provide  satisfactory  link  margin.  The  previous  analysis  provides  the  value  of  Pgtp 
or  Kg  required  at  the  receiver  for  each  background  power  assumed.  For  a  given 
average  laser  output  power,  the  received  energy  is  directly  proportional  to  t^,  A 
value  of  t  =  0. 1  sec  (10  pps)  has  been  chosen  initially  since  link  calculations  indi¬ 
cate  that  a  satisfactory  margin  is  then  achieved.  Higher  repetition  rates  are  feasible 
and  would  have  the  advantage  that  smaller  receiver  vehicle  motion  would  take  place 
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between  pulses.  This  motion  limits  R  to  a  value  such  that  the  vehicle  motion  between 
pulses  is  less  than  the  final  receiver  uncertainty  angle. 

1.7.2  Scanning  Transmitter  Ream  and  Wide  Field  of  View  Receiver 

When  the  laser  average  power  is  low  anil  the  pulse  repetition  rate  is  or  must  be  rela¬ 
tively  high,  as  for  a  ew-pumped  Q-switched  N'd:YACi  or  a  diode  laser  beacon,  this 
technique  is  recommended  for  cases  of  low  background.  In  this  technique  the  trans¬ 
mitter  beam  is  made  narrower  than  the  transmitter  pointing  uncertainty,  and  the  un¬ 
certainty  field  is  scanned  by  the  beam.  The  advantage  of  this  approach  is  that  the  high 
transmitter  antenna  gain  permits  more  signal  photons  to  reach  the  receiver.  However, 
it  has  the  disadvantage  that  transmitted  signal  is  wasted  whenever  the  transmitter  is 
not  pointed  at  the  receiver  Thus,  the  acquisition  time  will  be  longer  than  for  a  broad- 
beam  transmitter  having  enough  pulse  energy  to  be  acquired.  The  transmitter  scan 
technique  also  has  the  limitation  that  the  beamwidth  cannot  be  made  so  narrow  that 
transmitter  motion  during  the  scan  prevents  overlap  of  the  scan  pattern. 


The  analysis  for  the  scanning  transmitter  assumes  a  beamwidth  0,. ,  a  transmitter 

O 

uncertainty  angle  of  0^-y  ,  and  an  overlap  factor  f.  The  number  of  scan  elements  m 
is  therefore 


(1.35) 


The  laser  repetition  rate  (1/t is  selected  so  that  either  one  or  two  pulses  occur 
during  each  transmitter  scan  element.  If  one  pulse  per  element  is  used,  then 


(1.36) 


is  the  time  for  a  complete  scan.  Using  a  quadrant  detector,  all  the  analysis  in  sec¬ 
tion  1. 6. 1  is  applicable,  using  t  as  the  time  between  received  pulses. 
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Although  more  laser  power  is  required,  there  is  an  advantage  to  using  two  laser 
pulses  per  scan  element  if  either  receiver  or  transmitter  terminals  have  significant 
angular  motion  during  acquisition.  The  signal  verification  is  then  made  only  t^ 

later,  which  can  be  a  significantly  shorter  time  than  mt^  .  Initial  false  alarm  proba¬ 
bility  must  still  be  calculated  using  mtj  for  t  ,  and  the  overall  acquisition  time  is 
still  given  by  Eq.  (1.28)  with  t  ^  nit  ►.  The  receiver  circuitry  becomes  more  com¬ 
plex  since  it  is  required  to  close  and  open  a  gate  tj  later,  as  well  as  t^  later  after 
verification  is  made. 


1.7.3  Broad-Beam  Transmitter  and  Scanning  Receiver 


This  technique  uses  an  image  dissector  detector  to  reduce  background.  The  analysis 
follows  the  lines  given  in  section  1. 6.2.  The  number  of  elements  to  be  scanned  is 
given  by  Eq.  (1.34)  (N 


2  ,  9 

R  /D  with 


(1.37) 


where  is  the  initial  receiver  angular  uncertainty  and  is  the  final  uncertainty 

(the  final  IFOV  mask  size).  The  transmitter  laser  is  designed  to  have  a  pulse  period 


t. 


the  receiver  dwell  time.  The  limitation  in  R  or  achievable  is  de- 


L  D 1 

termined  by  the  condition  that  receiver  terminal  motion  does  not  prevent  overlap  of  the 
scans,  i.  e. ,  move  an  acquired  signal  outside  of  6  ^  in  a  time  t  . 


1.7.4  Scanning  T ransmitter  and  Scanning  Receiver 


A  scan-on-scan  approach  is  feasible  only  if  one  scan  completes  a  raster  before  the 
other  scan  moves  to  its  next  field  element.  Sine  the  image  dissector  can  scan  most 
rapidly,  it  is  selected  to  scan  the  receiver  field-of-view  while  the  transmitter  is 
holding  on  one  element  of  the  transmitter  field.  If  there  are  m  transmitter  field 
elements  and  N  receiver  field  elements,  the  acquisition  time  is  given  by 


T  -  m(N  +  N£  A  l)tD 


(1.38) 
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where  Nj  is  tlu'  falso  alarms  per  scan  and  is  the  image  dissector  dwell  time  per 
element  of  its  field.  The  laser  pulse  period  is  chosen  to  be  equal  to  the  dwell  time  of 
the  imago  dissector  on  each  element  of  its  field,  and  the  transmitter  must  dwell  for  al 
least  (N  1  Nj  ■  lHj  on  each  element  of  the  transmitter  field. 

It  is  clear  that  the  acquisition  time  can  become  very  long  in  this  technique  unless 
is  short;  however,  short  values  of  t^  reduce  the  pulse  energy.  Therefore,  this 
technique  is  considered  to  be  a  last  resort  for  acquiring  a  laser  limited  in  energy  per 
pulse  output  in  the  presence  of  background. 
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Section  2 

SECOND  ACQUISITION  -  PHASE  II 


2.1  DEFINITION 

This  phase  includes  the  acquisition  of  the  laser  signal  from  Package  A  by  the  receiver 
qn  Package  B,  the  improvement  in  pointing  of  Package  B,  and  the  return  of  a  narrower 
beam  beacon  back  to  A. 

The  distinguishing  feature  of  the  analysis  compared  with  Phase  I  is  that  a  cw  laser 
is  assumed  on  Package  A,  not  a  pulsed  laser,  and  it  is  assumed  that  the  laser  cannot 
be  pulsed  with  peak  power  enhancement.  Thus,  either  a  constant -intensity  or  a 
modulated -intensity  laser  beam  must  be  acquired  by  Package  B.  The  analysis  below 
examines  receiver  statistics  for  both  modulated  and  unmodulated  beams .  It  is  shown 
that  although  an  unmodulated  beam  has  appreciable  signal-to-noise  advantage  over  a 
modulated  beam,  It  is  much  more  sensitive  to  background  variations  or  intentional 
jamming,  since  no  signature  is  available  to  separate  signal  from  background,  at  least 
in  the  case  of  a  broad  beam  transmitter.  With  a  scanning  transmitter,  the  total  scan 
time  between  transmitter  rasters  does  provide  a  signature  on  the  signal.  However, 
transmitter  motion  makes  this  type  of  signature  unreliable  because  of  its  timing 
uncertainties. 

2.2  PHASE  n  DETECTION  ANALYSIS 

2.2.1  Detection  Considerations 

All  the  considerations  of  Section  1  concerning  quadrant  and  image  dissector  detectors 
are  relevant  in  Phase  II  except  that  receiver  optimization  for  a  cw  signal  must  be 
analyzed.  When  the  laser  beam  is  not  modulated,  the  optimum  detector  utilizes  an 
integrate  and  dump  circuit  which  effectively  counts  photoelectrons  during  each  receiver 
integration  time  t^  .  Poisson  statistics  still  apply  and  Kg  and  Kg  are  calculated 
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as  for  a  pulse  Input,  with  Kg  being  the  signal  count  in  the  period  ,  With  a  broad 
beam  transmitter,  t^  is  equal  to  t^  ,  the  decision  time,  but  with  a  scanning  trans¬ 
mitter  beam,  is  the  time  for  a  full  scan  of  the  receiver  field  and  t^  ,  the  receiver 
integration  time ,  is  equal  to  dwell  time  per  element  of  the  field. 

For  a  receiver  which  is  to  acquire  a  light  beam  that  is  sinusoidally  modulated  in  inten¬ 
sity  but  whose  modulation  phase  is  unknown,  an  analysis  of  the  optimum  detector  and 
its  statistics  must  be  made .  The  optimum  detector  strategy  is  one  that  explicitly 
accounts  for  the  Poisson  noise  statistics.  The  probabilities  for  false  alarms  and 
misses  should  be  calculated  on  this  basis . 


Unfortunately,  such  an  exact  analysis  has  not  yet  been  performed.  The  difficulty  of  the 
problem  may  be  likened  to  that  of  determining  the  statistics  of  a  biphase  modulated  sub- 
carrier  with  Poisson  noise ,  as  presented  in  the  document  Poisson  Noise  and  Error 
Probabilities  in  Optical  Communications  Using  Biphase  Modulated  Subcarriers .  by 
G.  F.  Herrman  (Ref.  2).  By  analogy  to  the  case  of  Gaussian  noise,  the  optimum 
receiver  should  be  one  which  correlates  with  a  peaked  sine  and  cosine  reference  signal 
at  the  modulation  frequency .  The  resultant  should  be  squared  .  added  ,  and  compared  to 
the  threshold  setting.  This  procedure  is  described  for  Gaussian  noise  by  A.  D.  Whalen 
in  Detection  of  Signals  in  Noise  (Ref.  3).  Figure  7  shows  the  quadrature  receiver 
form  and  its  matched  filter  equivalent  for  additive  Gaussian  noise . 


EQUIVALENT 


MATCHED  FILTEB 
h(t)  -  SIN  (T  -  t) 
0  s  t  s  T  ' 


ENVELOPE 

1  DETECTOR 

PC- 


SAMPLE  AT 
TIME  =  T 
AND  COMPARE 
TO  THRESHOLD 


Fig.  7  A  Quadrature  Receiver  and  Its  Incoherent  Matched  Filter  Equivalent 
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It  has  been  assumed  (and  confirmed  by  link  calculations)  that  the  number  of  background 
photoelectrons  received  in  an  integration  time  is  very  large.  Therefore,  Gaussian 
statistics  are  approximately  valid  using  the  additive  noise  caused  by  the  fluctuations 
of  the  background  and  possibly  detector  or  receiver  noise.  In  section  2.2.3,  an 
analysis  of  the  signal-to-noise  ratio  is  presented.  The  results  will  be  applied  to  the 
appropriate  statistics  derived  in  section  2.2.2,  for  the  envelope  of  the  signal  to  be 
compared  to  the  threshold. 

2.2.2  Detection  Statistics 

Using  the  density  distribution  for  the  envelope  of  a  sine  wave  plus  narrowband  Gaussian 
noise,  the  false  alarm  and  miss  probabilities  are  given  by  (Ref.  3) 


and 


(2.1) 


<>  -  «V  ■ 


-(Z2  +  a2^2  i^aztdz 


where 

I  (a Z)  =  the  modified  Bessel  function  of  zero  order 
o' 

/3  =  =  the  normalized  threshold 

2 

ctt  ~  =  variance  of  the  noise 

No  r-  noise  spectral  density 

a2  =  2E/Nq 

2 

E  =  signal  energy  in  =  A  t^/2 
A  -  signal  amplitude  at  threshold  detector 
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The  probabilities  given  above  are  directly  related  to  each  other  for  a  given  value  of 
E/N  .  This  relation  has  been  plotted  in  Ref.  4  and  reproduced  in  Fig.  8. 


Fig.  8  Detection  Statistics  for  Envelope  Detection  in  the  Presence 
of  Gaussian  Noise.  The  miss  probability  P^  =  1  -  Pp  . 
The  dashed  curves  are  used  for  acquisition  analysis. 

(From  Detection  of  Signals  in  Noise,  A.  D.  Whalen,  1971; 
printed  with  permission  of  Academic  Press) 


2.  2.3  Signal-to-Noise  Ratio  for  a  Modulated  Light  Beam 

In  order  to  use  the  analysis  in  section  2.1,  the  signal  energy  per  integration  time  per 
noise  power  per  unit  bandwidth  for  an  intensity- modulated  signal  in  the  presence  of 
background  and  detector  noise  must  be  calculated.  The  symbol  for  this  ratio  is  E/Nq  . 
The  expression  for  S/N  given  in  Section  1  is  not  valid  for  a  modulated  wave. 
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Let  Pg  be  the  maximum  instantaneous  received  power  or  intensity  when  modulation  is 
present.  If  the  optical  intensity  is  sinusoidally  modulated  with  100%  modulation  depth, 
the  rms  signal  current  after  amplification  by  a  factor  M  is  given  by 

Is  =  Mr,De  PR/2vr?h*/FD  (2.3) 


where 

t)q  =  detector  quantum  efficiency 
Fj_j  =  detector  noise  figure 


The  numerical  factor,  2v/~S~,  arises  from  the  conversion  of  peak-to-peak  current  to 
rms  current.  The  rms  noise  current  after  photodetector  multiplication  is 


r  o  li/2 

I  =  2M  el  B  +  (4kT B  /R) 
n  I  av  o  '  o 


Here 


I 


av 


hv  F. 


D 


*D 


(2.4) 


(2.5) 


is  the  average  detector  current  before  amplification  with  background  power  Pg 
reaching  the  detector,  and  ID  is  the  photosurface  dark  current.  The  amplifier  has 
an  equivalent  input  resistance  R  ,  and  a  noise  bandwidth  Bq  .  The  noise  power  per 
unit  bandwidth  for  incoherent  detection  is 


I  2R  ? 

N  =  -4—  =  2M  I  R  +  4  kT 
o  B  av 


(2.6) 


The  signal  energy  collected  in  time  tg  is 


E  -  -  (M,DePB/2^h,FD|2RV 


(2.7) 
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Therefore 


E 

N 


(M?)Dc/he  l'u)2  PUZ  tR 


16Mae((e7,D/hi-FD)[(PR/2)  +  PR]  +  ID|  +  (32  kT/R) 

Equation  (2.  6)  reduces  to  the  formulation  by  Pratt  (Ref.  5)  when  tR  =  (1/B  )  - 

d/2  Bo)  , 

bandwidth. 


(1/2  B  )  ,  where  B  is  the  subcurrier  bandwidth  and  B  is  the  post-detection 
'  o  sc  o 


(2 .«) 


The  acquisition  bandwidth  in  Phase  II  acquisition  cun  be' made  low  enough  so  that  lor 
most  detectors  the  Johnson  noise  is  negligible  compared  to  the  other  noise  sources. 
This  is  true  when 


2  kT  F  ,  /R  «  M  e  I 

A  av 


(2.9) 


For  typical  values  F^  =  2  at  T  =  300°  K  , 


R  >>  4  x  10"4/M2  I 


(2.10) 


For  a  photomultiplier,  MI  is  the  dc  average  anode  current  that  can  be  from 
1  to  100 pA.  Thus,  for  a  1  pA  anode  current,  if  R  »  400/M  ,  Johnson  noise  is 
negligible;  M  >  100  would  normally  be  used.  For  diode  detectors,  M  =  1  and 
lav  “  ~  ^  1“  1  ^  at  room  temperature.  Therefore,  for  1^=1  pA,  R  »  400ft 

is  required.  In  a  conjugate  tuned  circuit,  R  »•  RCQ 

5  * 

R  s=  10  ft  ,  showing  that  Johnson  noise  can  be  neglected 


so  for  Q  *  10  and  Rg  =  10  ft  , 


If  bandwidth  s  of  about 
100  Hz  are  required,  the  modulation  frequency  should  be  greater  than  10  kHz  for 
reasonable  values  of  Q  and  R  . 


Equation  (2.8)  can  be  rewritten,  neglecting  Johnson  noise,  as 


Ks  (nD/,ht/FD)  PR  hi 

KB  =  (TlE)/hl'FD>  + 
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so 


E_ 

N 


Kc 


8  KS  +  16  KB 


(2.12) 


Usually  the  modulation  is  received  as  circular  polarization  modulation  and  is  then 
converted  to  intensity  modulation  using  a  quarter- wave  plate  and  polarizer  in  front 
of  the  photodetector.  It  must  be  noted  that  the  background  power  is  usually  unpolarized, 
so  Pg  is  half  of  that  received  without  a  polarizer. 


A  further  detection  improvement  is  possible  by  modulating  with  a  square  wave  rather 
than  a  sine  wave.  The  detected  energy  when  correlated  with  a  square  wave  is  then 
doubled,  because  Ig  is  given  by 


Ig  =  MtiDe  Pr/2  huF. 


(2.13) 


Thus,  E/No  is  twice  that  given  by  Eqs.  (2.  8)  and  (2.  12): 


JL 

N 


K, 


4  Kg  +  8  Kjj 


(square  wave) 


(2.14) 


The  implementation  of  the  receiver  would  then  be  of  the  form  shown  in  Fig.  9. 
Since  the  modulation  can  take  place  at  relatively  low  frequencies  (~  100  kHz),  the 
correlator  is  easily  implemented  with  digital  logic. 


In  the  calculations  performed  for  Phase  II ,  values  of  and  are  set  by  the  same 
considerations  as  given  in  Section  1.  Then,  given  PR  and  ,  the  required  Kg  or 
PR  is  determined  by  using  Fig.  8  and  Eq.  (2. 14)  or  (2.9).  This  required  value  is 
compared  to  that  received  signal  power  to  determine  the  link  margin. 
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Section  3 

PHASES  UI  AND  IV  -  IMPROVED  TRACKING 


Receiver  tracking  is  further  improved  in  both  Phases  III  and  IV  by  a  transition  to  a 

fine  tracking  detection  system.  The  reasons  for  performing  the  acquisition  and  track - 

4 

ing  in  two  steps  at  each  terminal  when  a  10  improvement  in  pointing  accuracy  is 
required  are: 

(1)  The  initial  broad  field  of  view  requires  that  the  coarse  tracking  detector 
be  at  the  telescope  prime  focus  in  order  to  reduce  the  size  of  the  optic 
element  needed  to  accommodate  off-axis  rays. 

(2)  The  fine  tracking  detector  must  be  in  the  secondary  optics  after  the  fast 
beam  steerer. 

(3)  The  angular  magnification  of  the  optics  must  be  different  for  coarse  and 
fine  tracking. 

(4)  The  detection  method  of  Package  A  must  change  from  detection  of  a  low- 
rate  pulse  input  to  detection  of  either  a  modulated  cw  laser  beam  or  a  very 
high  repetition  rate  laser,  since  the  incoming  signal  must  be  at  least 
semicontinuous  for  fast  tracking  during  vehicle  motion  and  gimbal  friction 
effects. 

(5)  The  receiver  of  both  Packages  A  and  B  must  be  able  to  convert  from  an 
acquisition  mode  to  a  track  mode. 

The  improved  pointing  and  tracking  knowledge  of  each  terminal  permits  narrower 
beamwidths,  thus  increasing  the  signal  power  at  the  receiver,  and  also  permits 
narrower  receiver  fields  of  view,  thus  reducing  the  background  power.  These 
improvements  are  partially  offset  by  the  greater  bandwidth  necessary  for  the  fast 
tracking  capability. 
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To  perform  the  transition  between  the  coarse  tracking  detector  and  the  fine  tracking 
detector,  the  Latter  must  perform  an  acquisition  sequence  within  its  narrower  field 
of  view.  For  a  signal  from  a  100^  modulated  ew  laser,  the  acquisition  analysis  is 
exactly  as  described  in  Section  2.  The  verification  that  a  detection  is  due  to  signal 
and  not  noise  will  still  be  required  except  when  the  link  margin  is  so  high  that  Pj 
becomes  negligible.  The  verification  can  be  done  by  integrating  for  two  or  three 
receiver  time  constants  and  comparing  with  a  second  threshold. 

Both  the  quadrant  detector  and  an  image  dissector  detector  are  candidates  for  the  fine 
tracking  detector.  The  selection  of  one  over  the  other  is  primarily  determined  by 
the  tracking  function  rather  than  the  acquisition  function  performed  after  transition 
from  coarse  acquisition.  A  comparison  of  the  detectors  for  tracking  is  given  in  the 
following  section. 


0-36 

LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 


lOCKHffO  MlSSllfS  4  S  P  A  C  l  COMPANY 
A  Giov*  DIVISION  O  »  lOClHMD  AHC»»H  CO**0»a1'On 


LMSC-B29  0200- 111 


Section  4 

PHASE  V-HIGH  PRECISION  TRACKING 

4. 1  SYSTEM  CONSIDERATIONS 

The  tracking  system  must  be  able  to  continue  to  function  in  a  considerably  higher 
background  radiance  environment  than  the  acquisition  system.  It  has  been  assumed 
that  acquisition  may  be  delayed  for  a  few  minutes  to  avoid  the  most  severe  background 
situations:  sun  glint  off  the  ocean  surface  as  viewed  from  the  synchronous  satellite, 
a  bright  planet  or  sun  scatter  by  the  optics  as  viewed  by  the  synchronous  or  low-orbit 
satellite,  and  forward  scatter  of  sunlight  by  the  atmosphere  when  an  aircraft  or 
ground  station  views  within  1°  of  the  sun.*  Experimental  data  on  the  actual  worst  back¬ 
ground  power  expected  is  not  very  reliable  for  most  of  these  cases,  although  estimates 
on  the  order  of  0.  1 %  of  that  received  looking  directly  into  the  sun  have  been  made, 
i.e.  ,  about  1-3  W/m2srA. 

It  is  desirable  tc  'e  able  to  continue  trackin,;  even  in  these  severe  background  situa¬ 
tions  so  that  the  link  is  not  broken;  otherwise,  reacquisition  is  required.  Since  the 
expected  backgrounds  are  not  well  known,  the  link  calculations  have  been  done  as  a 
function  of  the  background  power. 

A  complete  analysis  of  the  tracking  capabilities  of  the  system  must  include  the  feed¬ 
back  loop  analysis,  including  complex  loop  response,  amplifier  gains,  gimbal  and 
mirror  response,  mechanical  noise,  etc.  This  analysis  has  been  developed  elsewhere. 
In  this  section,  inputs  to  that  analysis,  the  angle  error  signal  and  the  detector  elec¬ 
trical  noise,  are  derived.  This  derivation  is  done  separately  for  the  quadrant  detector 
and  the  image  dissector  detector,  and  is  followed  by  a  comparison  of  these  tracking 
detectors. 


♦Section  5  contains  a  derivation  of  the  frequency  of  occurrence  of  direct  sunlight 
In  the  field  of  view. 
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4.2  QUADRANT  DETECTOR  TRACKING 
4.2.1  Tracking  System 

A  typical  dual-channel  tracking  system  using  a  quadrant  detector  has  the  incident 
light  beam  focused  on  the  apex  of  a  four-faceted  pyramid.  If  the  focal  poinl  is  centered 
on  the  apex,  the  light  is  then  divided  equally  to  four  detectors;  if  the  focal  point  is 
slightly  shifted  from  the  apex,  the  detectors  receive  different  signals.  An  error 
signal  is  developed,  proportional  to  the  angle  error  for  small  error,  by  taking  me 
difference  between  the  amplified  detector  signals  from  detectors  sensing  opposing 
quadrants.  The  detector  gains  used  before  differences  are  taken  must  be  almost 
equal  or  a  bias  error  results. 

The  -occived  signal  into  the  quadrant  detector  may  be  either  a  continuous  light  beam 
or  .  oduiated  light  beam.  The  choice  depends  on  whether  spoofing  or  jamming 
vulnerability  is  a  significant  factor  in  the  system,  and  whether  background  that  is 
unequally  distributed  among  the  quadrants  is  significant  compared  with  the  signal. 

A  modulated  signal  will  protect  against  both  conditions  but  at  the  expense  of  lowering 
the  detector  signal-to-noise  ratio.  A  sufficiently  small  receiver  field  of  view  also 
protects  against  both  conditions  and  may  be  adequate  protection. 

Tracking  must  take  place  using  incoming  signals  that  also  carry  data  modulation. 
Package  B  receives  the  high-rate  data;  the  incoming  signal  from  Package  A  has  a 
frequency  spectrum  above  the  range  of  existing  tracking  detectors.  Therefore, 
additional  low-frequency  modulation  of  intensity  may  be  desired  for  tracking  purposes. 
However,  the  modulation  depth  must  be  quite  low  (<  5%)  in  order  not  to  interfere  with 
the  high-rate  data  system.  Similarly,  Package  A  is  receiving  low-rate  data,  and  if 
it  becomes  excessively  difficult  to  use  the  low-data-r  format  for  tracking,  an 
additional  low  depth  modulation  for  tracking  may  be  p)  .  j  on  the  Package  B  beacon. 
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4.2.2  Tracking  Sensitivity 

4.2.2. 1  Tracking  on  Baseband  Signals 

The  analysis  in  this  section  uses  many  of  the  results  of  Lopez  (Ref.  6).  Figure  10 
shows  the  local  image  slightly  off-track  from  the  apex  of  the  four  quadrants  of  the 
dissecting  prism.  Each  quadrant  detector  puts  out  a  dc  current  of  MT  ,  where  1. 
is  the  photocurrent  and  NT  is  the  amplification  of  quadrant  current.  These  currents 
have  associated  noise,  discussed  in  the  next  section.  The  total  field  of  view  is  &pQV> 
and  a  tracking  error  along  one  axis  of  66  is  assumed.  It  is  convenient  to  refer  to 
input  angle  space,  which  can  easily  be  related  to  image  space  by  multiplying  by  the 
effective  focal  length. 


Fig.  3  0  Quadrant  Detector  Tracking  Technique 
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The  dc  error  current  signals,  1^,  and  Ly  ,  in  the  X  and  Y  directions,  are  generated 
by 


*X  =  M2!2  *  M4*4 


Y 


Ml't  '  M2'2 


Ml!l  +  “2*2  '  M3!3  -  M4'4 


(4.  1) 


During  the  boresighting  operation  before  acquisition,  automatic  gain  control  circuits 


make  M.^  =  M„  = 


=  M  by  flood  illuminating  the  quadrant  detectors. 


Since  the  X  and  Y  axes  are  orthogonal,  a  one-axis  analysis  is  given  to  relate 
to  <50  . 

The  focal  image  of  a  diffraction- limited  optical  system  has  an  angle  dependence  of 
intensity  that  is  symmetric  about  the  center  of  the  pattern  and  follows  the  Airy  function 
at  an  angle  0  from  the  center-. 


<p(0) 


2J,W/90) 


WeJ 


and 


X 

ttD 


(4.2) 


where  J  is  the  first-order  Bessel  function,  X  is  the  wavelength  of  light,  and  D  is 

1  n  2  1/2 

the  aperture  diameter.  Letting  0/eo  =  (x“  +  y  )  ,  Eq.  (4.2)  can  be  written  in 

Cartesian  coordinates.  If  the  spQy  is  much  larger  than  2.4X/D,  Eq.  (4.2)  is  al¬ 


ready  normalized  to  unit  area.  Then  I^/MI 


the  fractional  error  signal,  is  the 


fractional  difference  in  the  area  of  the  Airy  pattern  on  each  side  of  the  centerline,  or 


where 
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and 


*1S  +  *2S  +  +  [4S 


(4.5) 


where  l  is  the  total  photocurrent  due  to  signal  (not  Including  background  or  dark 

lo 

current) . 


The  integrals  in  Eq.  (4. 3)  have  been  expressed  as  a  series  expansion  referred  to  by 
Lopez  (Ref  6).  Only  the  first  term  is  required  for  small  errors,  which  gives 


Ml 

o 


16  60 

,20 

3  7T  O 


(4.6) 


When  the  signal  current  contains  an  additive  noise  current  having  an  rms  value,  I  , 
then  an  rms  equivalent  noi se  angle  due  to  noise  in  the  X  channels  is  present, 


fy  +  I 

X  n 
MI 


56  +  £X 
3*2 


(4-7) 


/  2 

For  uncorrelated  noise  on  the  X  and  Y  channels,  the  total  noise  angle  e  = 
e2y/2  =  V2  ex,  so  that  ' 


..  3/S  t2  9oIn  .  0  Xn _ 0  So?l/s\  1/2 

€  16  MI  083DMI  °' 83  D  VnJ 

o  o  >  /  p 


(4.8) 


2 

Here  (S/N)^  is  an  equivalent  signal-to-noise  power  ratio  defined  as  (MIQ/In)  .  This 
can  be  determined  from  the  total  dc  signal  power,  Sp  ,  where 


S  =  (MI  )2R 
p  o' 


(4.9) 
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which  is  the  average  dc  signal  power  due  to  radiation  signal  power  P^  incident  on  all 
four  quadrants.  Note  that  if  data  modulation  is  already  impressed  on  the  incoming 
radiation  via  polarization  modulation,  and  a  polarizer  is  in  front  of  the  tracking  de¬ 
tector,  then  PD  is  only  one-half  of  that  P  present  without  modulation.  However, 
for  unpolarized  background  radiation,  P_  is  also  one-half  of  that  without  the  polarizer. 

•D 

Note  that  S  can  be  written  in  terms  of  P-,  or  K 

p  K  o 


s 

p 


2  2  2 

M  e  KgR 


(4.10) 


where  the  symbols  are  as  previously  defined. 

The  noise  power  is  the  sum  of  shot  noise  and  Johnson  noise  from  all  four  quadrants. 
Neglecting  Johnson  noise, 


N  -  I2R  =  2eM2I  B  R  =  2eM2(I  +  I_  +  I  )B  R 
p  n  av  o  o  B  D'  o 


=  2M‘ 


!{(i^)'PR  *  V  *  'd]BoR  ‘  2m2{~  Tr  *  IjBoR 


(4.11) 


For  t„  =  1/(2  B  )  and  I  included  in  an  equivalent  P'  and  K' 

K  O  U  n  £> 

M  V1™  fd>pr  ks 

V%  '  2«Pr  *  pyn0  ~ 


(4.12) 


4.2  2.2  Tracking  on  a  Modulated  Signal 

Design  of  the  system  to  track  on  a  modulated  incoming  signal  reduces  the  chance  of 
successful  jamming.  During  fine  tracking,  there  is  already  a  modulation  on  the  signal 
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due  to  either  the  high-  or  the  low-data-rate  communication  system.  Since  the  modula¬ 
tion  rate  or  format  is  not  always  suitable  for  the  tracking  system,  an  additional  inten¬ 
sity  modulation  of  about  5'X  modulation  depth  may  be  used  for  tracking.  The  frequency 
of  the  modulation  must  be  much  higher  than  the  tracking  loop  bandwidth.  The  receiver 
then  amplifies  and  detects  the  modulated  signal  to  obtain  an  error  signal. 


If  the  peak-to-peak  depth  of  sinusoidal  intensity  modulation  is  mP^  ,  where  l1  is 
the  peak  power  received,  then  the  error  signal  amplitude  before  detection  is  (m/2)I  , 

A 

where  1^  is  the  equivalent  unmodulated  error  signal.  The  rms  equivalent  angle  error 
is  that  due  to  rms  noise  on  the  output  of  the  synchronous  detector,  and  is  given  by 
Eq.  (4.8),  with  MIq  interpreted  as  the  synchronous  detector  dc  output  with  all  the 
signal  in  one  hemisphere.  The  (S/N)p  in  Eq.  (4.8)  is  the  output  signal-to-noise  ratio 
in  bandwidth  Bq  .  For  synchronous  detection,  or  high  S/N,  this  equals  the  input 
S/N  ,  or 


m2(T,D/he  m2K^ 

16[(Pr/2)  +  P^]Bgc  8(Kg  +  2Kb) 


(4.13) 


In  this  equation,  PR  is  the  peak  input  power  on  the  detector  and  Bgc  is  the  bandpass 
filter  bandwidth,  with  Kg  =  (^/hu  FD)PRtR  ,  where  tR  =  l/Bgc  . 

4.3  IMAGE  DISSECTOR  DETECTOR  TRACKING 


4.3.1  Tracking  Error  Signal  Generation 

At  the  end  of  the  acquisition  sequence  using  an  image  dissector  detector,  the  focal  spot 
on  the  cathode  generates  photoelectrons  which  are  directed  by  the  electromagnetic 
deflection  fields  through  the  small  mask  in  the  detector.  The  fields  immediately  start 
a  small  cyclic  variation  so  as  to  dither  the  electron  stream  through  the  mask,  which 
then  generates  a  tracking  signal.  In  addition,  the  dc  value  of  the  field  moves  to  its 
boresight  plus  point-ahead  position.  The  fast  tracking  mirrors  receive  the  error 
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signal  atul  maintain  the  received  radiation  signal  on  the  sensitive  position  on  the  photo¬ 
cathode,  i.e. ,  at  the  projection  of  the  mask  on  the  cathode. 

The  error  signal  can  he  generated  by  either  a  cruciform  or  circular  dither  motion  of 
the  projection  of  the  electron  mask  on  the  cathodi  Maximum  tracking  sensitivity  is 
obtained  with  a  circular  motion  that  is  shown  in  Fig.  11.  Such  motion  is  obtained  writh 
quadrature  signals  of  frequency  f^  driving  the  orthogonal  deflection  plates .  Frequen¬ 
cies  above  10  kHz  are  easily  achieved.  Figure  11  show's  the  situation  when  a  small 
tracking  error  <59  exists. 

Y 


I 


Fig.  11  Image  Dissector  Tracking  Motion.  The  deflection  fields  actually  rotate 
the  projection  of  the  mask  about  the  focal  spot,  but  that  is  equivalent  in 
relative  motion  to  the  focal  spot  moving 
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An  angular  tracking  error  causes  an  error  signal  at  frequency  f(  to  be  generated. 
That  signal  is  coherently  detected  by  cross-correlation  with  the  deflection  dither 
drive  voltage.  Correlation  is  performed  in  two  parallel  channels  using  each  of  the 

quadrature  driving  signals  In  order  to  obtain  both  X  and  Y  axis  error  signals. 

Tracking  loop  gain  must  be  sufficient  to  keep  60  to  a  small  fraction  of  the  focal  spot 
size,  since  not  only  is  high  tracking  accuracy  desired  but  also  the  incoming  signal 
may  be  used  to  carry'  low-data-rate  signals. 

The  incoming  signals  may  be  either  modulated  for  tracking  or  effectively  unmodulated 
as  far  as  the  tracking  system  is  concerned.  If  a  modulated  tracking  signal  is  used 
to  reduce  the  possibility  of  jamming  or  false  tracking,  its  modulation  frequency  must 
be  considerably  higher  than  the  dither  frequency.  Note,  however,  that  the  instanta¬ 
neous  field  of  view  may  be  kept  sufficiently  small  (£4  arcsec)  so  that  jamming  of  the 
tracking  signals  becomes  extremely  difficult,  even  without  using  beacon  coding  or 
modulation. 

4.3.2  Tracking  Sensitivity  and  Signal -to- Noise  Calculation 

The  amplitude  of  the  sinusoidal  error  signal,  Ix  ,  is  determined  in  the  same  manner 
as  it  was  for  the  quadrant  detector  if  the  curvature  of  the  field  mask  is  neglected. 
However,  quadrant  signal  differences  are  not  being  taken,  so  the  amplitude  is  half 
that  given  by  Eq.  (4.  6): 


MI 

o 


sin  2  7rf^ 


t 


=  IXo  sin  wt  t 


(4.14) 


where  MIo  is  the  dc  current  present  if  the  spot  was  centered  on  a  large  hole  and 

0  -  >/?rD  as  before, 

o 
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The  error  signal,  I^(t)  ,  is  synchronously  detected,  i.e.  ,  cross-correlated  with  a 

sine  wave  and  averaged  over  many  cycles,  to  provide  the  tracking  loop  error  current, 

1  : 
e 


I 

e 


o 


Xo 


37T 


2  (My 


6i> 

0 

o 


<4.15) 


(or  a  unit  amplitude  correlation  function.  The  rms  angular  error,  e  ,  arising  from 

the  noise  on  I  on  both  axes  is 
e 


e 


(4.  16) 


when  I  is  the  rms  noise  on  I  . 
ne  e 

In  correlation  detection,  it  can  be  shown  that  the  output  noise  power  is  one-half  of  the 
input  noise  power  for  a  unit  correlation  function  and  white  Gaussian  noise  input. 
Therefore, 


I  =  2  I 
ne  n(input) 


2-1/2M<2eIavBsc)1/2 


(4.17) 


neglecting  Johnson  noise.  Here 


av 


y  'B  * 'd) 


(4.  18) 


Defining  the  signal-to-noise  power  ratio  at  the  input  as  the  dc  power  if  the  input  light 
was  centered  to  the  rms  noise  power  during  tracking,  or 


(4.  19) 
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then  t  can  be  written  in  terms  of  (S/N) 


(4.20) 


The  calculation  of  (S/NJ^  can  be  performed  in  terms  of  (PR  ,  Pfi)  ur  (Kg  ,  Kg) 
using  Eqs.  (4.17),  (4.18),  and  (4. 19): 


fo>pr 

<PR  *  2PyBSC  '  KS  *  2KB 


(4.21) 


where  PR  is  the  received  power  with  the  focal  spot  in  the  center  of  the  aperture, 

KS  '  Vh-  Fd'Vr  ■  ■  V1"’  FD1EBtR  •  “d  tR  ’  1/BSC  • 


If  the  incoming  signal  is  modulated  for  tracking  purposes  at  a  frequency  much  higher 
than  the  dither  frc'niency,  the  signal-to-noise  is  degraded.  For  a  modulation  depth  m 
resulting  in  a  peak-to-peak  intensity  variation  of  mPR  ,  the  signal  power  is  reduced 
by  m  /8  and  the  average  signal  power  is  PR/2  .  Thus, 


input  mod 


m2(T]D/hy  fd)PR 
8[(Pr/2)  +  2PyBsc 


2  2 
m  Kg 


4KS  +  16Pfe 


(4.  22) 


4,3.3  Comparison  of  Tracking  Detectors 

The  comparison  of  the  quadrant  detectors  and  the  image  dissector  detectors  may  be 
expressed  by  defining: 

Cq  =  rms  noise  angle  for  a  quadrant  detector 
e.  =  rms  noise  angle  for  the  image  dissector 
KBcj  -  background  counts  in  for  a  quadrant  detector 
K  .  =  background  counts  in  L,  for  an  image  dissector 

Dl  k 
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Then  for  the  same  K^,  received, 


e . 

1 

t 

q 


-  2\'"S 


(4. 2:$) 


In  the  system  situation  where  background  is  negligible,  (c./e  ),  «  2/2  ,  whereas  if 

]  /o’  ^  ^ 

background  is  most  important,  <e  Ve ^  -  4(Kp./K^)1/^  .  This  basis  of  comparison 
shows  the  quadrant  detector  to  be  better  by  2/2  in  rms  error  angle  when  no  back¬ 
ground  is  present.  However,  when  background  is  important,  the  comparison  depends 
on  the  relative  fields  of  view  of  the  quadrant  detector  versus  the  image  dissector.  If 
an  aperture  can  easily  be  used  with  the  quadrant  detector  so  its  FOV  matches  the  image 
dissector,  an  advantage  of  4  exists.  However,  if  the  FOV  of  the  quadrant  detector  is 
more  than  a  factor  of  4  greater  in  angular  diameter  than  the  IFOY  of  the  image  dis¬ 
sector,  the  tracking  advantage  will  swing  to  the  image  dissector  in  the  high  background 
case. 


The  image  dissector  photomultiplier  has  possible  advantages  in  size  over  the  combina¬ 
tion  of  a  prism  beam  splitter,  lenses,  and  a  four-quadrant  photomultiplier.  The  physi¬ 
cal  sizes  of  the  tubes  themselves  are  roughly  comparable  when  four  dynode  structures 
are  used  in  the  quadrant  detector. 

Another  important  consideration  is  the  case  of  implementing  a  point-ahead  angle  from 
the  boresight  position.  This  can  be  done  hy  setting  an  electrical  bias  on  the  deflection 
plates  of  the  image  dissector  but  wall  require  an  extra  steering  optical  element  for  the 
quadrant  detector.  Since  electronic  controls  are  usually  preferred  over  electro¬ 
mechanical  controls,  this  factor  favors  the  image  dissector. 

Considering  all  factors,  if  the  system  can  be  designed  to  have  sufficient  link  margin 
for  the  desired  rms  noise  angle,  an  image  dissector  appears  to  be  preferable. 
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Section  5 

PROBABILITY  OF  THE  SUN  OR  MOON  IN  THE  BACKGROUND 
DURING  ACQUISITION 


Acquisition  with  a  solar  background  Is  acknowledged  to  be  impossible  within  the  present 
state-of-the-art  and  acquisition  with  a  lunar  background  may  also  be  quite  a  problem. 

A  pertinent  question  is  whether  these  two  backgrounds  appear  with  sufficient  probability 
to  be  significant  in  delaying  acquisition. 

In  geocentric  coordinates,  the  sun  and  the  moon  sweep  a  swath  1/2°  wide  around  the 
celestial  sphere  in  the  plane  of  the  ecliptic.  The  sun  does  this  in  a  year  and  the  moon 
in  a  lunar  month.  A  synchronous  satellite,  viewed  directly  overhead  from  earth,  traces 
a  complete  path  around  the  celestial  sphere  in  the  equatorial  plane  once  each  day.  It 
is  desired  to  determine  the  probability  that  the  sun  or  the  moon  will  be  in  the  field  of 
view  of  a  low-altitude  user  pointing  at  the  synchronous  satellite  in  an  attempt  to 
acquire. 

The  low-orbiting  satellite,  in  its  orbits  around  the  earth,  can  be  anywhere  up  to  about 
12°  from  the  nadir  of  the  synchronous  satellite.  Its  field  of  view,  therefore,  will  see 
the  sun  or  moon  only  when  they  are  within  12°  of  the  equatorial  plane.  Since  12°  is 
scarcely  more  than  half  of  the  23°  angle  between  the  ecliptic  and  equatorial  planes , 
this  determines  that  the  sun  or  mocn  will  be  visible  only  during  the  time  when  they  are 
within  30°  (30°  =  sin  1  0.  5)  in  their  apparent  orbits  of  the  two  points  where  their 
orbits  go  through  the  equatorial  plane,  or  a  total  of  120° ,  which  is  one-third  of  the 
total  time. 

The  1°  field  of  view  of  the  receiver,  if  pointing  at  the  synchronous  satellite,  sweeps  a 
swath  1°  wide  crossing  the  ecliptic  of  the  sun  or  moon  twice  a  day.  Their  relationship 
is  shown  in  Fig.  12.  Swaths  for  the  sun  or  moon  and  for  the  receiver  field  of  view  are 
shown.  The  sun  and  moon  can  be  considered  to  move  so  slowly  in  the  celestial  coordinates 
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that  for  a  given  crossing  their  position  is  fixed.  The  receiver  field  of  view,  however, 
sweeps  across  at  a  much  faster  rate. 

For  this  approximate  analysis,  it  is  considered  that  the  pointing  direction  and  the 
ecliptic  cross  at  an  angle  of  23°  .  If  either  the  sun  or  the  moon  is  anywhere  in  the 
3.  84°  segment  shown,  it  will  be  seen  by  the  field  of  view  during  a  3.  53°  long  segment 
of  the  field-ot-view  swath.  These  considerations  lead  to  the  following  factors: 

•  The  sun  and  moon  are  possibly  visible  only  one-third  of  the  time  (120° 
of  its  360°  revolution). 

•  They  must  be  within  a  particular  3.84°  segment  of  their  360°  swath  (3.8  days 
twice  a  year  for  the  sun  and  7  hr  twice  a  month  for  the  moon). 

•  The  field  of  view  must  be  centered  within  a  particular  3.53°  segment  of  its 
360°  swath  (possibly  14.6  min/day). 

•  The  two  swaths  intersect  twice. 

P  =  (3.84/360)  x  (3.53/360)  x  2  =  2. 1  x  10_4 

When  the  field  of  view  sees  the  moon  in  the  background,  it  will  stay  in  the  background 
for  a  maximum  of  (1°  +  0.  5°)  (4  min/deg)  =  6  min,  and  only  about  4  min  on  the 
average.  Thus,  if  the  system  will  not  acquire  with  moon  background,  it  will  not  be 
able  to  acquire  about  (4  min/1440  min)  x  3.  84/360  x  2  =  0.  59  x  10  4  of  the  time. 

__o 

During  14  hr/month  it  will  not  acquire  (4/1440)  =  2,  7  x  10  of  the  time. 

The  sun  is  a  greater  problem  due  to  flare  in  the  optical  system.  If  the  optics  is 

designed  to  point  within  1°  of  the  sun,  the  apparent  diameter  of  the  sun  becomes  2.5°. 

The  apparent  sun  diameter  results  in  a  sun  Intersection  range  of  8.  95° ,  and  a  field- 

of-view  intersection  range  of  8.  23° ,  Thus,  the  probability  of  intersection  is 

2(8.  95/360)  (8.  23/360)  =  1. 14  x  lO-^.  It  will  stay  in  the  background  for  3.  5°  or 

14  min  maximum  and  about  10  min  average.  Thus,  for  8.  95  days  twice  a  year  the 

sun  can  be  in  the  background,  and  for  10  min  per  day  during  those  days  no  acquisition 

-4 

can  take  place.  Thus,  acquisition  will  be  stopped  by  the  sun  3.4  x  10  of  the  time. 
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For  the  very  narrow  field  of  view  present  during  communications,  a  2.  5“  apparent 
tun  diameter  can  be  in  the  background  for  0.4°  of  each  satellite  orbit,  and  this  can 
happen  for  5. 91-  in  the  sun's  orbit,  or  5.  8  days  twice  a  year.  On  those  days  the  com¬ 
munications  will  be  down  for  2.  ft  \  4  min/°  =  10  min  on  each  orbit.  The  fractional 

-4 

down  time  is  thus  2  (2.5/360)  (a.  9/260)  -  2.2  >  10  average  over  a  year,  but  is 
2.5/960  =  7  x  10  on  11  days  per  year.  These  statements  are  true  for  all  links 
looking  toward  space. 

i 

The  problem  is  very  similar  for  a  synchronous  satellite  acquiring  another  synchronous 
satellite  with  0.4°  field  of  view  and  moon  background.  In  this  case,  the  smaller  field 
of  view  means  that  the  intersection  length  of  the  swath  swept  by  the  field  of  view  and 
the  0.5'  band  of  the  ecliptic  is  2.22°  for  the  synchronous  satellite  and  2.  20°  for  the 
moon.  Therefore,  the  probability  of  the  moon  being  in  the  intersection  region,  which 
occurs  twice  for  each  orbit,  is  2  x  (2.20/360)  (2.22/360)  =  0.75  x  10  However,  it. 
stays  in  the  background  for  only  0.9°  x  4  min/°  =3.6  min.  Therefore,  the  fractional 
down  time  is  only  2  (0.9/360)  (2.22/360)  =  3. 1  x  10~5. 

After  the  preparation  of  this  analysis,  attention  was  called  to  a  more  thorough  analysis 
of  the  solar  proximity  problem  which  was  performed  by  D.  Martin  of  the  Aerospace 
Corporation  (Ref.  7).  His  analysis  was  performed  by  computer  and  covered  a  greater 
variety  of  configurations  over  a  considerable  range  of  angular  separations  between 
the  lines -of -sight  to  the  transmitter  and  to  the  sun.  The  LMSC  data,  prepared  only 
for  very  small  off-axis  angles,  are  in  close  agreement  with  Martin's  results,  lying 
either  within  the  range  of  his  values  or  being  slightly  more  pessimistic. 
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Hurl  I 

ATTITUDE  DETERMINATION  FOR  LASER  LINK  ACQUISITION 


Determination  of  the  attitude  of  a  satellite  generally  entails  the  use  ol  horizon  sensors. 
Inasmuch  as  this  uncertainty  regarding  attitude  plays  a  major  role  in  the  initial  point¬ 
ing  problem  for  an  optical  communication  system,  it  is  important  to  plan  lor  the  best 
possible  accuracy  that  can  economically  be  obtained.  This  has  led  to  a  review  of  the 
available  horizon  sensor  systems. 

The  results  indicate  that  a  slight  improvement  over  the  guideline  values  might  be 
expected  tor  the  relay  satellite,  and  probably  none  initially  for  the  low-orbiting  user. 
However,  there  is  the  possibility  that  tracking  information  after  the  first  acquisition, 
which  might  be  a  special  case,  can  be  used  to  improve  the  uncertainty  in  the  LOS 
attitude  by  correcting  bias  errors,  and  thus  make  subsequent  acquisitions  in  a  shorter 
time.  It  has  been  noted,  but  not  analyzed  in  this  memorandum,  that  there  are  tavor- 
able  positions,  at  zenith  and  nadir,  where  yaw  uncertainty  is  of  little  consequence; 
initial  acquisition  in  a  minimum  time  would  be  favored  in  these  positions. 

Synchronous  Spacecraft 

The  attitude  determination  of  the  synchronous  spacecraft  for  earth-pointing  purposes 
is  simplified  by  the  fact  that  the  line-of-sight  to  a  low-altitude  spacecraft  is  less  than 
12°  from  the  spacecraft  nadir.  Only  30°  from  nadir  is  required  to  see  an  equally 
spaced  far-relay  satellite.  These  small  angles  reduce  the  importance  of  yaw  accuracy 
and  allow  a  pitch  and  roll  earth  horizon  sensor  to  provide  the  primary  attitude  infor¬ 
mation  for  attitude  sensing. 

Earth  horizon  sensors  with  a  3a  accuracy  of  0.05'  about  the  pitch  and  roll  axes  are 
available  for  synchronous- altitude  satellites.  (See  Part  II. )  Assuming  that  the 
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misalignment  errors  cun  be  less  than  0.05  ’,  3it  and  that  there  is  a  source  oi  azimuth 
information  with  an  accuracy  of  t  0.2",  Hi;  (as  stated  in  the  guidelines),  line-of- sight 
attitude  knowledge  shown  in  Table  1  can  be  achieved  for  a  synchronous  spacecraft. 


Table  1 

L1NE-OF-S1GHT  ERROR  FOR  A  SYNCHRONOUS  SPACECRAFT 


Source 

Pointing  to  Low- 
Altitude  Spacecraft 

Pointing  to  Other 
Synchronous  Spacecraft 

Horizon  Sensor 

v~2  x  0.  03 

V  2  -  0.  05 

Misalignment  Errors 

vT  x  0.  05 

vT  ■  0.  05 

Azimuth  Uncertainty 

0.2  x  sin  12° 

0.  2  x  sin  30” 

Total  RSS  (3<t) 

+  0.  11° 

^  0.  14" 

The  beamwidth  or  scan  pattern  for  the  transmitter  should  provide  this  coverage,  plus 
an  additional  amount  to  account  for  the  contribution  of  satellite  position  uncertainty. 

In  the  case  of  a  spin- stabilized  spacecraft,  the  frequency  of  the  inevitable  nutation 
from  bearing  runout  may  be  higher  than  the  bandwidth  of  the  horizon  sensor,  which 
approximates  1  Hz.  The  amplitude  of  this  nutation  is  on  the  order  of  0.  01" .  * 

Low-Altitude  Spacecraft 


The  accurate  determination  of  attitude  is  more  difficult  for  a  low-altituue  spacecraft 
because  of  the  shorter  distance  to  the  earth  horizon  and  because  azimuth  position, 
which  is  generally  determined  by  gyrocompassing,  plays  a  more  important  part  in 
the  pointing. 


*A.  W.  Merrill  and  D.  H.  Martin,  Laser  Space  Communication  System  Conceptual 
Design,  TOR-0059(6312)-3 ,  The  Aerospace  Corporation,  p.  3-3. 
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An  approach  to  the  attitude  determination  problem  is  to  estimate  the  vehicle  attitude 
using  the  normally  available  gyro  and  horizon  sensor  outputs.  The  gyros  provide 
short-term  incremental  attitude  information  with  relatively  high  precision  (-  1  arc- 
nun),  and  with  a  low  rate  of  change  of  average  attitude  error  (less  than  2  /hr). 


The  onboaid  computer  solves  for  the  attitude  using  the  conventional  gyrocompass 
approach  with  an  accuracy  given  approximately  by 


azimuth  error 


roll  error 


it  measurement  is 
required  during  gas 
jet  transient 


U(0r/s)  if  no  gas  jet  transients  are  present 


pitch  error 


*  \JfU(&H/s,l2  +  (u<y|2 


if  measurement  is 
required  during  gas 
jet  transient 


=  U(6H//s)  if  no  gas  jet  transients  are  present 


roll  gy  ro  drift  —  includes  component  of  orbit  rate  due  to  gyro  mis¬ 
alignment 

yaw  gyro  drift  —  includes  component  of  orbit  rate  due  to  gy  ro  mis¬ 
alignment 

orbit  rate 

roll  horizon  sensor  error  -  includes  misalignment 
pitch  horizon  sensor  error  —  includes  misalignment 


Sf  =  roll  gyrocompass  gain 
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yaw  gyrocompass  gain 


U(2  ) 
K 

l '■(«.*>  ) 


gyro  yaw  incremental  angle  accuracy 
gyro  roll  incremental  angle  accuracy 


I'M'  > 


gyro  pitcli  incremental  angle  accuracy 


Using  the  following  typical  values,  including  estimates  of  the  3o  uncertainties  and 
systematic  errors  for  current  low -altitude  vehicles,  the  advantage  of  solving  for  the 
systematic  errors  is  evident. 


Gyro  Drift 

U(«  )  .  U(^>r  ) 

°z 

Bias  Drift 

1.5° /hr 

Orbit  Rate  Component 

(0  25  rad  misalignment  x240’/hr): 

O.G’/hr 

Random  Drift 
(Drift  Stability): 

0. 3’/hr 

U(a’  ),  U(u;  )  =  l.G2°/hr  systematic  +  0.  3°/hr  random 
..  *z 

Horizon  Sensor  Error 

Misalignment: 

0.  10' 

Random  Horizon  Uncertainty: 

0.  15’ 

Systematic  Horizon  Error: 

0.  2C 

Horizon  Sensor  Random  Error: 

0.  1° 

U(£>^/s)  =  U(6^s)  =  0.224°  systematic  +  0.  18°  random 

Incremental  Angle  Readout  From  Gyro 
U{6g)  ’  U(<pg)  =  u^g)  s  1  aremin 


Sr  =  0.3°/min/deg  =  17 . 2°/min/rad 

S^,  =  l°/min/deg  =  57. 3°/min/rad 

uj  =  4 ’/min 

o 

One  can  solve  for  the  azimuth,  roll,  and  pitch  errors  before  and  after  bias  correction. 
(See  Table  2. ) 
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Tabic  2 

SUMMARY  OF  ATTITUDE  ACCURACY  DETERMINATION  CAPABILITY 
FOR  LOW-ALTITUDE  SPACECRAFT 
(3it  Values) 

Before  First  Acquisition 

Knowledge  of  Change  in  Attitude 
Knowledge  of  Attitude  (  arcmin)  for  Up  to  10  sec  of 


Azimuth 

0.50 

a  l 

Roll 

0.40 

a  1 

Pitch 

0.40 

a  l 

After  Determination  of  Systematic  Errors 

Azimuth 

0. 10 

s  1 

Roll 

0.20 

3  1 

Pitch 

0.20 

a  l 

Attitude  rate  knowledge  is  needed  to  aid  acquisition  if  the  vehicle  residual  rates  are 
higher  than  25° /hr.  The  vehicle  rate  is  estimated  using  the  vehicle  gyros.  Both  the 
torquer  inputs  to  and  the  outputs  from  the  gyros  are  processed.  A  3-cr  accuracy 
of  25' /hr  should  be  obtainable  with  a  2-sec  time  constant  filter. 

The  gas  jet  system  is  shut  off  after  the  initial  open-loop  antenna  alignment  is  com¬ 
pleted  and  remains  off  until  each  transmitter  has  acquired  the  narrow,  hig'n-power 
beam.  The  total  off  time  could  be  as  much  as  15  sec.  An  additional  1°  of  beam 
deflection  by  the  outer  loop  gimbals  would  take  care  of  the  extra  vehicle  motion, 
assuming  a  very  high  vehicle  rate  of  240°/hr. 

The  time  interval  over  which  the  systematic  errors  are  predictable  after  loss  of 
acquisition  is  not  established.  The  earth  horizon  systematic  error  is  a  function  of 
orbit  position  and  would  not  be  predictable  for  more  than  ~40°  of  orbit  without  special 
curve-fitting  approaches.  Acquisitions  that  are  less  than  10  min  apart  could  make  use 
of  the  reduced  attitude  uncertainty  due  to  knowledge  of  systematic  errors. 
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Part  II 

HOKIdON  SENSOR  l'ERKORMAMCE 

Iav-ro.i-.L-'-i .  we. 

Earth  horizon  sensors  have  been  use-1  c  i  most  orbiting  spacecraft  because 
they  provide  a  convenient  means  for  obtaining  the  local  vertical.  In 
1-uw  application:,  horizon  sensors  arc  part  of  an  active  attitude-control 
system.  The  output  signals  ox'  the  horizon  sensors  give  the  spacecraft 
attitude  with  respect  to  the  local  vertical  in  terms  of  pitch  and  roll 
angles.  Vehicle  altitude  can  also  be  obtained  from  the  subtended  angle 
of  the  earth,  ho  yaw  information  is  obtained.  The  latitude  or  longitude 
over  which  the  spacecraft  is  flying  also  cannot  be  ascertained.  Early 
horizon  sensors  did  not  perform  at.  expected  because  of  various  problems 
resulting  from  a  lack  of  knowledge  of  the  radiation  emitted  by  the  Earth. 
Interference  from  the  sur.  and  moon  was  also  a  problem.  Improvements  in 
signal  processing  and  the  choice  of  a  better  spectral  region  have  resulted 
in  operational  horizon  sensors  that  are  not  subject  to  the  gross  errors 
of  the  earliest  horizon  sensors.  Introductory  material  on  horizon  sensors 
is  contained  in  references  (l)  and  (2). 

Present  day  horizon  sensors  can  be  divided  into  two  classes.  Horizon 
scanners  scan  a  large  volume  of  object  space  with  a  fixed  scan  pattern. 
Examples  are  conical  scanners  and  horizon  crossing  indicators  on  spinning 
vehicles.  Signals  are  generated  when  the  field  of  view  crosses  the  horizon. 
Horizon  trackers  drive  the  field  of  view  to  the  horizon.  In  one  form  the 
field  cf  view  is  dithered  across  the  horizon.  Alternatively,  a  static 
array  of  detectors  is  driven  to  produce  a  desired  output. 
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A  brief  description  of  some  current  horizon  sensors  and  a  summary  of  their 
technical  specifications  will  be  presented  here.  Both  low  altitude  and 
synchronous  orbit  horizon  sensors  will  be  discussed. 


LAHS 

A  technical  comparison  of  five  horizon  sensors  for  low  altitude  use  is 
given  in  Table  1.  The  LMSC  Low  Altitude  Horizon  Sensor  (LAHS)  Is  based 
on  the  synchronous  orbit  Dual  Scan  Horizon  Sensor  (DSHS).  The  LAHS  is 
designed  in  a  single  sensor  head  per  axis  (pitch  or  roll)  configuration. 

The  sensor  heads  for  both  axes  will  be  identical,  self-contained,  and 
independent.  Each  head  contains  a  scanning  double-faced  mirror  and  two 
optical  systems,  one  for  each  face  of  the  mirror.  The  optical  system 
has  a  1.1  degree  square  field  of  view  and,  like  all  the  other  horizon  sensors 
discussed,  operates  in  the  15  micron  COg  absorption  band.  The  mirror  scans 
opposite  horizons  simultaneously  with  a  torsion  bar  suspension.  An  optical 
shaft  encoder  on  the  mirror  measures  the  angles  to  the  two  horizons.  The 
difference  is  proportional  to  the  vehicle  attitude.  A  horizon  signal  is 
generated  only  on  the  space-to-earth  portion  of  the  scan  to  minimize  errors 
due  to  variations  in  shape  of  the  horizon  profile  near  the  peak.  Signal 
processing  is  based  on  a  percentage  of  peak  threshold.  The  accuracy  is 
estimated  from  analysis  since  no  unit  has  been  built. 


TRW  A-OCO 

The  TRW  A-OGO  is  a  horizon  tracker  developed  for  use  in  highly  eccentric 
orbits.  The  system  consists  of  two  dual-tracker  heads  and  a  central 
electronic  unit.  The  four  trackers  generate  analog  signals  representing 
the  elevation  angle  of  the  horizon  from  the  yaw  axis  of  the  spacecraft. 
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Pitch  and  roll  inf  or  .mat  ion  ^an  be  obtained  from  only  three  of  the  four 
trackers,  which  improves  reliability  and  allov.r.  operation  vith  the  sun 
on  the  horizon.  The  tracker  field  ef  view  (l.2  degrees)  is  caused  to 
oscillate  at  19  hertz  with  an  amplitude  of  2.5  degrees  penk-to-peak  in  the 
tracker  plane.  A  servo  loop  drives  the  tracker  until  the  horizon  is  at 
the  center  of  the  dither.  The  heart  of  the  tracker  is  a  device  called  a 
Positor  which  rotates  or  dithers  a  mirror  and  provides  an  accurate  readout 
Of  the  mirror  position.  The  Positor  consists  of  a  rotor  assembly  suspended 
on  flexure  pivots.  Precision  readout  is  provided  by  drive  coils  on  the 
rotor  and  field  coils  on  the  stator.  A  flight  model  has  been  delivered 
but  not  flown. 

Quant lc  Mod  IV 

The  Quantic  Mod  IV  horizon  sensor  is  a  horizon  tracker  with  no  dithering 
parts.  A  system  usually  consists  of  four  independent  trackers  and  one 
electronics  unit.  The  fourth  tracker  allows  operation  vith  the  sun  on  the 
horizon  and  improves  reliability.  The  tracking  mirror  is  mounted  on  a 
base  plate  with  crossed  bimetal  springs.  The  crossed-spring  errangement 
allows  the  mirror  to  rotate  about  the  crossover  point.  The  springs  are 
heated  electr deadly  to  drive  the  mirror.  An  optical  encoder  reads  the 
angle  of  the  mirror  without  reference  to  the  current  being  supplied  to  the 
springs.  The  optical  system  images  the  horizon  on  a  four-segment  infrared 
light-pipe  assembly.  The  light  pipe  divides  the  field  of  view  into  four 
rectangular  portions  and  channels  the  radiation  into  four  separate  de¬ 
tector  arrays.  The  electrical  signal  from  the  two  outside  arrays  is  sub¬ 
tracted  from  the  signal  from  the  two  inside  arrays  to  drive  the  tracking 
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mirror.  A  flight  model  with  three  trackers  has  been  flown.  A  report  or. 
this  flight  has  not  been  Issued,  but  preliminary  results  Indicate  an 
accuracy  near  that  predicted  by  the  analysis,  except  for  en  unexplained 
variation  that  may  be  due  to  a  meterological  anomaly. 

Bernes  Conical  Scan 

The  Barnes  model  13-156  is  a  conical  scanning  system  with  two  ?0-degree 
half- angle  scanners  looking  out  in  opposite  directions.  A  signal  la  gen¬ 
erated  when  the  instantaneous  field  of  view  is  over  the  Earth.  A  pitch 
signal  is  found  from  either  head  by  comparing  the  center  of  the  Earth  pulse 
with  a  reference  signal  indicating  the  yaw  axis.  A  roll  signal  is  gen¬ 
erated  by  comparing  the  lengths  of  the  two  Earth  pulses. 

The  optical  system  has  an  off-axis  primary  mirror.  The  field  of  view  is 
conically  scanned  hy  mounting  the  primary  mirror  on  the  rotor  of  a  motor. 

The  detector  remains  stationary  on  the  stator.  Each  head  is  pressurised'' 
to  assure  long  life  for  the  moving  parts.  This  horizon  3ensor  is  opera¬ 
tional  and  flight  data  have  been  obtained. 

Type  8 

The  LMSC  Type  8  Earth  Sensor  is  a  horizon  crossing  indicator  for  a  spinning 
spacecraft.  The  output  provides  a  pulse  proportional  to  the  width  of  the 
Earth.  The  bandwidth  of  the  electronics  results  in  the  pulse  being  delayed 
from  the  true  Earth  location.  This  delay  is  nearly  constant  over  a  wide 
range  of  input  signal  rise  times.  The  variation  in  rise  times  is  due  to  varia 
tions  in  the  spin  rate  and  changes  in  the  horizon  crossing  angle  as  the 
spacecraft  moves  in  orbit.  The  first  unit  has  been  delivered  but  no  flight 
tests  have  been  made. 
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The  throe  synchronous  orbit  horizon  sensors  discussed  here  nre  similar 
but  not  exactly  like  their  low  altitude  counterparts  discussed  previously. 
The  Type  8  sensor  can  be  used  for  spinning  vehicles  at  synchronous  orbit 

also. 


Characteristics  of  the  three  horizon  sensor  systems  are  described  In  Table  2. 

LMSC  Dual  Scan  Horizon 

The  LMSC  BSHS  has  teen  fully  flight  qualified.  It  is  a  scanning- type  Earth 
sensor  in  which  the  field  of  view  is  scanned  across  the  Earth  in  a  straight 
line.  Attitude  is  determined  by  comparing  the  angle  between  the  first  hori¬ 
zon  crossing.  To  achieve  the  required  off-axis  performance ,  three  detectors 
are  scanned  in  each  axis.  There  is  one  resonant  oscillating  mirror  per 
axis;  it  scans  the  fields  of  view  of  three  detectors  simultaneously.  Only 
one  field  of  view  scan  is  used  to  determine  attitude,  and  the  choice  of  the 
scan  used  is  made  by  a  field  of  view  scan-selector  circuit.  The  scan  selec¬ 
tion  is  dependent  upon  attitude  and  sun  presence.  Sun  presence  is  detected 
by  measuring  target  width  and  rejecting  narror  targets.  The  system  uses  an 
optical  encoder  that  is  attached  to  the  mirror  to  measure  target  widths. 

The  output  of  the  encoder  is  applied  to  ar.  up-dovn  counter  that  is  gated 
by  the  horizon  crossings  and  scan  center.  The  residual  count  at  the  end 
of  one  complete  scan  is  proportional  to  the  attitude  error.  The  Lockheed 
6ensor  has  seme  design  complexity  because  of  the  multiple  detectors  and 
preamplifiers;  however,  this  also  provides  backup  operational  capability. 

For  this,  the  LMSC  system  has  a  cross-axis  attitude  capability;  i.e., 
the  scans  used  for  pitch  attitude  information  can  be  used  to  provide  roll 
attitude  information,  and  vice  versa.  Incorporation  of  this  capability 
provides  attitude  redundancy  with  minimum  increased  complexity.  The  error 
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analysis  and  testing  that  has  been  performed  on  the  LMSC  horizon  sensor 
indicates  an  accuracy  of  -0.050  deg  (3  sigma),  including  the  effect  of 
Earth  radiance  gradients  if  a  calibration  scheme  for  correcting  or  com¬ 
pensating  for  the  radiance  gradients  is  utilized.  To  extend  the  range 
an  additional  detector  can  be  added  to  each  axiB.  This  sensor  i6  called 
the  DSHS-2. 


Quantlc  Earth  Sensor 

The  Earth  sensor  system  (ESS)  is  a  combination  of  a  Quantic  Industries 
static  IR-horizon  sensor  system  and  dual-axis  tracking-mirror  assembly. 
These  two  components  in  combination  establish  a  system  capable  of  pro¬ 
viding  continuous  off-null  attitude  measurement  over  the  region  of  -12 
deg  of  pitch  and/or  roll  at  synchronous  altitude.  The  static  sensor  con¬ 
tains  a  ring  of  eight  detectors  which  provide  a  null  output  when  they  are 
centered  on  the  Earth.  Due  to  radiances  variations  it  is  susceptible  to* 
errors  at  other  than  the  design  altitude.  In  the  primary  operating  mode, 
the  output  of  the  basic  static  sensor  is  used  to  servo-control  the  angle 
of  the  dual-axis  mirror  so  as  to  keep  the  earth  image  centered  when  the 
vehicle  is  off  null.  Vehicle  attitude  is  then  measured  by  sensing  the 
mirror  angles.  The  mirror  position  is  readjusted  by  the  output  from  the 
static  sensor  whenever  the  vehicle  pitch  or  roll  attitude  changes;  at  all 
other  times,  the  mirror  is  stationary.  The  static  sensor  contains  separate 
sun  sensors  which  switch  in  the  proper  set  of  detectors  to  avoid  the  sun. 


The  static  sensor  is  a  fully  flight-qualified  unit.  0d<»  .  \  »  ^-configura¬ 
tion  dual-axis  mirror  assembly  has  been  fabricated  and  checked  out  and  is 
currently  being  evaluated.  Basically,  this  assembly  consists  of  a  front- 
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surfaccd  aluminum  mirror  mounted  to  a  base  structure  via  the  unique 
two-axis  cross-spring  (flexure  suspension)  gimbal  •assembly. 

The  ESA  is  contained  in  two  separate  packages.  One  comprises  the  static 
sensor  IP  and  sun  telescopes  and  the  dual-axis  mirror  assembly,  thus  per¬ 
mitting  proper  alignment  of  each  subsystem  with  the  other.  This  optical 
packa ge  also  contains  the  preamplifiers.  The  second  package  comprises 
the  signal  processing,  mirror  drive/readout,  and  power  supply  circuits. 

A  primary  disadvantage  is  the  requirement  foi*  a  stable  thermal  sink. 

The  present  design  is  susceptible  to  thermal  transients  greater  then 
3  deg/hr.  Quantic  is  investigating  a  new  thermal  housing  design  that  is 
based  on  its  low -altitude  Mod  IV  sensor. 

TRW  Earth  Sensor 

In  terms  of  general  approach,  the  sensor  is  a  "scan  through"  infrared 
scanner;  i.e.,  a  narrow  optical  field  of  view  in  the  infrared  spectrum  is 
established  and  scanned  through  the  earth  in  each  axis.  Attitude  measure¬ 
ments  are  determined  in  each  axis  independently  by  comparing  the  angles 
at  which  the  scan  crosses  the  earth  edges  with  the  reference  axis  angle. 

A  simple  offset  mechanism  is  provided  to  permit  movement  of  the  scan  plane. 
This  feature  allows  the  earth  sensor  to  provide  precise  angle  measurement 
at  spacecraft  offset  pointing  angles  of  10  or  more  degrees  from  the  center 
of  the  earth.  It  also  provides  for  automatic  sun  avoidance. 

The  complete  earth  sensor  used  to  generate  pitch  and  roll  Information  con¬ 
sists  of  two  sensor  head  units  and  a  third  package  contain1  n--*  ;he  process¬ 
ing  electronics.  E>  -h  sensor  head  unit  's  identical,  and  is  mounted 

at  right  angles  to  allow  scanning  in  o.thogonal  planes. 
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The  scan  rate  Is  five  scans  per  second  over  a  total  scan  amplitude  of 
26  deg  peak  to  peak.  This  amplitude  allows  a  complete  scan  through  the 
earth  disc  from  synchronous  orbit  with  adequate  margin  for  scan  turn¬ 
around  and  the  establishment  of  a  cold  space  reference  level. 

The  center  of  the  26- deg  scan  can  also  be  offset  with  a  DC  control  bias 
voltage  to  allow  scanning  of  the  earth  when  it  is  offset  from  the  vertical. 
The  maximum  amplitude  of  this  offset  is  -11.25  deg. 

When  scanning,  the  mirror  mechanism  provides  two  sinusoidal  readouts,  which 
are  used  to  develop  a  pulse  output  for  each  O.Ohk  deg  of  rotation  of  the 
sensor  field  of  view.  It  also  provides  a  reference  pulse  output  each  time 
the  scan  passes  through  a  reference  position. 

As  discussed  above,  both  the  scanning  mirror  and  the  offset  mirror  can  be 
positioned  by  a  DC  bias  voltage.  Each  of  the  two  digital  output  signals 
representing  the  earth  position  with  respect  to  the  null  reference  planes 
is  converted  to  an  analog  voltage  in  D/A  converters.  The  analog  output 
of  the  D/A  converters  is  fed  back  to  the  offset  mechanism  as  a  bias  voltage. 
This  feedback  keeps  the  scan  pattern  centered  upon  the  earth  disc,  even 
though  the  spacecraft  is  offset  from  the  local  vertical.  The  voltage  which 
is  fed  back  to  the  scanning  mirror  to  offset  the  scan  center  is  also  fed  to 
the  offset  mirror  mechanism  of  the  other  axis  head  to  provide  a  deflection 
of  the  scan  plane  in  that  unit.  Sun  avoidance  is  provided  by  sensing  the 
sun  with  a  separate  detector  and  shifting  the  scan  with  the  offset  mirror 
until  the  sun  is  out  of  the  scan  field  of  view 
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SUMMARY 


This  appendix  reviews  the  relative  merits  of  three-axis  stabilization  and  dual-spin 
stabilization  systems  for  future  synchronous  communication  satellites.  It  concludes 
that  for  many  reasons  the  three-axis,  or  wheel- stabilized,  satellite  is  the  prime 
candidate  over  the  dual-spin  or  body-spin  stabilized  satellite. 

This  analysis  was  made  for  a  general  synchronous  communication  satellite  and  not 
specifically  for  one  to  carry  a  laser  communication  subsystem.  However,  the  argu¬ 
ments  for  the  three-axis  stabilization  technique  apply  with  even  greater  force  to  the 
specific  case.  For  example,  the  improved  attitude  control  and  pointing  alignment  of 
three-axis  stabilized  satellites  has  a  greater  impact  on  laser  acquisition  and  tracking 
than  for  relatively  broad  beam  microwave  communication  links.  Also,  two  Package  A 
transmitters  and  three  or  four  Package  B  receivers  can  readily  be  located  physically 
on  a  three-axis  wheel -stabilized  satellite  in  such  a  way  that  the  requirements  on  their 
viewing  angles  can  easily  be  met  without  mutual  or  satellite  body  blockage  of  the  field 
of  view.  Furthermore,  they  can  be  located  relatively  close  to  the  heat  radiators. 

The  physical  configurations  of  possible  locations  and  arrangements  of  the  laser  com¬ 
munication  subsystem  on  both  three-axis  and  dual- spin  stabilized  satellites  are  the 
subject  of  another  report.  However,  based  on  preliminary  designs  and  the  conclusions 
of  this  appendix,  LMSC  suggests  that  a  three-axis  wheel- stabilized  satellite  is  prefer¬ 
able  for  the  synchronous  relay  satellite. 

It  is  noted  that  NASA  has  chosen  a  three-axis  stabilized  design  for  its  ATS-G  satellite, 
which  will  carry  a  laser  communication  experiment. 
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INTRODUCTION 


Future  communication  missions  will  require  increased  rf  channel  capacity  along  with 
extended  operational  life  and  multipurpose  applications.  Two  competing  satellite 
design  philosophies  lead  to  systems  with  despun  earth-pointing  antennas  and  three- 
axis  earth-pointing  systems.  Current  communication  satellites  are  spin  stabilized. 
Considering  the  electrical  power  requirements  to  sustain  increased  communications 
capacity  and  the  physical  limitation  on  the  number  of  solar  cells  that  can  be  mounted 
on  a  spinning  body  drum,  coupled  with  the  physical  complexity  of  multipurpose 
antennas,  it  is  expected  that  three-axis  wheel-stabilized  satellites  with  sun-tracking 
solar  arrays  will  be  a  prime  candidate  for  future  missions. 

The  three-axis  stabilization  systems  using  momentum  and  reaction  wheels  as  control 
torque  sources  are  considered  to  be  the  best  choice  on  the  basis  of  proven  ability  to 
meet  life  and  accuracy  raquirements.  A  comparison  of  dual-spin  and  wheel- stabilized 
configurations  involves  consideration  of  each  spacecraft  subsystem.  This  appendix 
summarizes  the  findings  of  a  tradeoff  study  performed  at  Lockheed  Missiles  &  Space 
Company  on  these  two  satellite  configurations. 

ELECTRICAL  POWER 

The  wheel-stabilized  satellite  has  significant  flexibility  in  array  sizing  to  accommodate 
vary  ing  loads  and  features,  either  hardwiring  of  all  power  to  the  load  or  through  slip- 
rings  across  a  slow  array  drive  system.  The  body-spin  satellite  has  a  solar  array 
area  limited  in  diameter  and  length  with  a  separate  battery- charging  section,  and 
requires  a  high-speed  slip- ring/brush  assembly  between  the  array  and  the  despun  load. 
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Flexibility  of  power  requirements  is  inherent  in  the  wheel-stabilized  satellite.  The 
extendible  array  can  be  designed  to  provide  extra  area  per  extension  without  further 
spacecraft  modification  except  for  matching  the  battery  ampere-hours  to  the  load. 

This  arrangement  enables  easy  adjustment  of  solar  power  to  accommodate  design 
changes.  The  body-spin  satellite  is  severely  limited  in  solar  power  flexibility, 
especially  to  increases  in  drum  length.  Since  the  drum  and  the  enclosed  equipment 
constitute  the  fly-wheel  of  a  momentum  device,  any  change  in  mass  distribution 
severely  affects  the  dynamic  balance,  center-of-gravity  location,  and  bearing  loads; 
therefore,  redesign  would  be  necessary  to  regain  antenna  pointing  accuracy. 

Power  source  weights  for  solar  array  and  NiCd  batteries  as  a  function  of  the  power 
requirement  are  shown  in  Fig.  1.  For  multikilowatt  systems,  the  weight  advantage 
of  sun-tracking  flexible  substrate  solar  arrays  is  more  than  10  to  1  over  a  cylindrical 
spin-stabilized  system  giving  the  same  power.  The  brush  and  slip  ring  problem  is 
significantly  more  severe  for  spinner  systems.  For  a  typical  rotation  of  60  rpm,  more 
than  86,000  slip-ring  rotations  are  required  against  one  revolution  of  a  sun-tracking 
system.  Qualification  testing  has  shown  that  slip-ring  wear  and  resulting  debris  can 
be  a  major  problem.  Redundancy  is  more  readily  applied  to  the  slower  rotation  system 
A  hard-wire  recycling  system  can  be  used  to  eliminate  slip-rings  altogether  if  desired. 

ATTITUDE  STABILIZATION 

The  wheel-stabilization  approach  to  attitude  control  features  simple  onboard  equipment 
and  onboard  data  processing,  and  gives  accurate  pointing  without  reliance  on  continuous 
ground  station  corrections.  The  wheel-stabilized  satellite  can  be  completely  fail-safe 
through  redundancy  and  backup  systems,  whereas  the  body- spin  system  has  bearing 
failure  modes  leading  to  interruptions  in  communications  and  even  permanent  outage. 

Both  the  wheel- stabilized  and  body- spin  satellites  maintain  antenna  beam  pointing  by 
means  of  gyroscopic  stiffness  and  a  nonspinning  communication  assembly.  In  the 
wheel-stabilized  system,  the  entire  spacecraft  is  despun  with  hermetically  sealed 
single  or  multiple  fly-wheels  rather  than  an  exposed  despin  joint.  With  the  possible 
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exception  of  any  horizon  sensor's  scanning  mirrors,  the  wheel-stabilized  attitude  sys¬ 
tem  can  be,  part-tor-part,  less  complex  than  the  body-spin  Bystem,  in  terms  of  both 
the  equipment  required  and  the  electronic  parts  count. 

The  wheel-stabilized  systems  are  controlled  by  wheel  speed  changes.  A  reaction 
wheel  control  loop  commands  wheel  speed  to  change  in  proportion  to  the  attitude  error 
signal.  Knowledge  of  wheel  speed  and  position  is  not  required.  In  the  body- spin 
system,  both  the  speed  and  position  of  the  despun  antenna  must  be  continuously  and  pre¬ 
cisely  controlled  with  respect  to  the  attitude  reference  horizon  pippers  located  on  the 
spinning  drum.  In  addition,  the  servo  system  in  the  body-spin  system  requires 
onboard  electronic  data  processing  to  capture,  synchronize,  and  precisely  orient  the 
stationary  section  relative  to  its  spinning  section. 

Pointing  accuracy  is  inherent  in  the  wheel- satellite.  Alignment  accuracies  can  be 
directly  measured  and  controlled,  and  correction,  if  required,  is  direct.  Contrasted 
with  this  simplicity  is  the  spin  system's  requirement  for  stringent  control  of  the 
dynamic  balance  and  alignment  of  the  rotating  drum.  Since  the  momentum  stored  in 
this  drum  provides  the  attitude  orientation  stiffness,  any  unbalance  or  misalignment 
produces  a  wobble  in  the  despun  antenna.  Furthermore,  accuracy  degrades  with 
bearing  wear,  thermal  and  load  distortion  of  the  structure,  and  spin  rate  variation. 

Two  considerations  are  important  in  bearing  operation  —  preventing  temporary  outages 
and  preventing  catastrophic  failure.  In  both  systems,  spurious  thrusting  from  leakage 
of  the  mass  expulsion  system  can  be  avoided  by  the  use  of  series  valves.  In  the  wheel- 
stabilized  system  an  inactive  standby  thruster  control  system  can  ensure  antenna 
orientation  in  the  event  of  failure  of  the  wheel  servo  until  control  is  switched  to  a 
redundant  wheel.  With  wheel  redundancy,  no  single  failure  can  lead  to  communications 
outage.  Any  failure  of  the  despin  joint  of  the  body- spin  system,  with  its  critical  bear¬ 
ing  design,  is  catastrophic. 
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POSITIONING  AND  ORIENTATION 


The  wheel- stabilized  and  body-spin  satellites  can  both  feature  multiple  redundancy  of 
hardware  and  meet  the  communication  system  specification  with  one  thruster  out. 

By  employing  sufficient  thrusters,  the  wheel- stabilized  satellite  provides  multiple 
redundancy  in  the  required  functions  of  despin,  reorientation,  roll,  pitch  stationkeep¬ 
ing,  and  wheel  desaturation.  Such  a  system  performs  normally  with  any  thruster 
failed  closed,  and  in  some  cases  with  two  thrusters  failed  closed. 

Propellant  management  of  the  wheel-stabilized  satellite  in  the  zero-gravity  environment 
may  be  obtained  by  use  of  an  aluminum  perforated  sheet  ball,  installed  inside  the  pro¬ 
pellant  tank  0.1  in.  from  the  tank  wall.  Liquid  surface  tension  entraps  propellant  between 
the  ball  and  the  tank  wall.  This  method  ensures  that  liquid  will  fill  the  tank  outlet  under 
any  orientation  and  at  externally  applied  forces  up  to  1  g  The  forces  imposed  on  the 
propellant  by  the  thrusters  do  not  exceed  0.01  g.  This  tank  system  requires  only  two 
tanks  for  complete  redundancy  and  affords  the  further  advantages  of  having  no  pressure 
balance  lines  and  having  all  metal  surfaces  wetted  with  propellant.  In  addition,  it  does 
not  require  precise  installation  location.  Tank  design  in  the  wheel-stabilized  vehicle  is 
simplified  by  the  absence  of  strict  mass  distribution  requirements  during  propellant 
utilization. 

The  body-spin  satellite  generates  an  artificial  gravity  by  spinning  the  tanks.  This 
establishes  the  pressurant  gas  on  the  inner  hemispheres  of  the  four  tanks  and  in  the 
two  tank  pressure  balance  lines.  These  gas-to-metal  surface  contacts  increase  the 
possibility  of  pressurant  leaks  and  resultant  propellant  unavailability. 

STRUCTURES 

The  wheel-stabilized  satellite  structure  can  be  more  efficient  and  lig.wer  than  that  of 
the  body-spin  system.  The  wheel-stabilized  satellite  has  a  central  load  path  with 
compactly  stowed  solar  arrays.  This  simple,  lightweight  structure  can  fit  within  a 
flight-qualified  shroud.  The  body-spin  stabilized  satellite  also  has  a  central  load 
path,  but  with  this  satellite  it  must  support  the  despin  assembly  and  the  cantilevered 
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equipment  rack  and  the  solar-array  drum.  In  addition,  the  despin  bearings  must 
support  a  cantilevered  despun  platform  through  the  ascent  environment. 

TELEMETRY,  COMMAND,  COMMUNICATIONS,  AND  ANTENNAS 

The  telemetry  and  command  subsystems  are  more  complicated  in  the  body-spin  satel¬ 
lite  because  of  the  slip-rings  between  the  spacecraft  and  the  transmitter  and  receiver. 
The  communications  packages  are  the  same,  and  the  antennas  are  equivalent  in  com¬ 
plexity  on  the  body-spin  satellite. 

in  the  wheel- stabilized  satellites,  all  telemetry  and  command  signals  are  hardwired 
to  the  redundant  telemetry  encoders.  In  the  body-spin  satellite,  a  method  oi  transfer¬ 
ring  information  across  the  despin  joint  is  to  multiplex  it  on  each  side  of  the  joint, 
cross  the  joint  on  two  lines  per  telemetry  system,  and  combine  the  multiplexed  signals 
on  the  transponder  side.  The  command  link  similarly  transmits  the  coded  command 
message  across  the  interface  and  decodes  the  proper  commands  on  each  side,  requir¬ 
ing  four  slip-rings.  The  body-spin  satellite  is  thus  burdened  by  the  complexity  of  an 
extra  synchronized  multiplexer,  an  extra  signal  conditioning  box,  and  an  extra  coder 
over  that  needed  for  the  wheel- stabilized  satellite,  in  addition  to  the  reliability 
degradation  from  the  eight  slip-rings, 

THERMAL  CONTROL 

Passive  thermal  control  of  the  wheel  satellite  equipment  rack  is  provided  by  multilayer 
insulation  and  thermal  control  surfaces.  Thermal  control  of  the  equipment  in  the 
solar  array  cylinder  of  the  body- spin  satellite  is  maintained  by  cyclic  exposure  to 
solar  heating  during  sunlight  operation.  During  eclipse,  insulation  and  heaters  are 
required  in  the  spinning  vehicle. 


The  insulated  equipment  compartment  with  north-south  facing  radiating  surfaces  used 
in  the  wheel- stabilized  satellite  isolates  all  spacecraft  equipment  from  solar  radiation 
flux  to  keep  a  uniform  ambient  temperature.  A  mosaic  of  optical  solar  reflector  sur¬ 
faces  on  the  ends  controls  heat  outflow  to  space.  This  heat  rejection  system  is 
unaffected  by  eclipse. 
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The  solar-array  drum  of  the  body-spin  system  radiates  an  even  temperature  to  all 
spacecraft  equipment  during  sunlight  operation,  typically  about  75'”F.  In  eclipse, 
however,  the  solar  array  becomes  an  efficient  radiator  to  space,  rapidly  drawing  heat 
away  from  the  spacecraft  equipment.  Temperature-sensitive  equipment,  such  as 
batteries  and  the  hydrazine  tanks  and  thrusters,  must  be  insulated,  making  the  thermal 
design  problems  of  the  two  systems  the  same.  The  wheel  satellite's  solar-oriented 
array  arms  experience  no  diurnal  temperature  variations  but  operate  at  about  130- F 
except  during  eclipse  periods.  The  result  is  that  the  wheel- stabilized  satellite  solar 
arrays  experience  the  same  temperature  cycles  as  those  of  the  body- spin  system  but 
operate  at  a  higher  temperature. 

The  hydrazine  thrusters  of  the  wheel- stabilized  satellite  are  mounted  inside  the  insu¬ 
lated  equipment  compartment,  and  probably  require  no  heaters.  For  the  body-spin 
satellite,  insulation  and  heaters  are  needed  during  eclipse,  since  the  thrusters  are 
tied  to  the  solar  array  drum.  The  wheel  satellite  apogee  motor  is  exposed  to  sunlight 
during  transfer  orbit,  so  it  receives  adequate  solar  energy  to  exceed  a  40° F  tempera¬ 
ture.  The  body-spin  apogee  motor  is  shielded  from  the  sun  by  the  solar-array  drum, 
so  it  requires  insulation  blankets  and  a  heater.  Larger  view  factors  on  the  wheel- 
stabilized  communications  electronic  assemblies  make  the  thermal  control  problems 
and  solutions  more  tractable  due  to  the  larger  radiation  areas  available.  The  communi¬ 
cations  package  on  the  spinning  vehicle  must  be  thermally  decoupled  in  order  to  pro¬ 
tect  the  despin  bearing  assembly  from  high  temperatures. 

ORBIT  OPERATIONS 

Attitude  and  orbit  control  of  both  wheel-  and  spin- stabilized  satellites  are  conducted  in 
almost  identical  fashion  in  final  orbit.  In  both  satellites,  east- west  antenna  pointing  is 
normally  controlled  continuously  by  onboard  equipment.  North-south  pointing  drift, 
due  to  solar  pressure  torque,  is  corrected  by  ground  command  about  once  every  2  or 
3  weeks.  Orbit  correction  maneuvers  in  both  systems  are  commanded  from  the  ground 
about  once  every  2  weeks.  A  pair  of  jets  is  used  for  north-south  stationkeeping  to 
keep  the  satellite  within  the  antenna  pointing  specification. 
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GROUND  HANDLING  COMPARISONS 

The  wheel- stabilized  satellite  offers  the  advantages  of  service  access  to  equipment 
without  removal  of  fragile  solar-array  panels,  elimination  of  high-precision  dynamic 
balancing,  static  system  testing  instead  of  an  active  spinning  operation,  transportability 
in  smaller  aircraft,  and  simplified  spacecraft  storage. 

The  complete  integrated  systems  run  on  the  wheel- stabilized  satellite  can  be  accom¬ 
plished  with  no  spinning  motion  except  for  the  stabilization  wheels  running  inside* 
hermetically  sealed  cases,  no  spin  tables  with  test  table  slip-rings,  no  windage  or 
nutation  damper  test  uncertainties,  no  fragile  exposed  solar  cells  during  system  tests, 
and  no  dynamic  balancing  in  the  orbit  condition.  The  stabilization  wheels  are  perma¬ 
nently  balanced  separately  at  the  vendor's  factory.  The  spacecraft  is  balanced  in  a 
single-step  process  at  the  launch  base  to  the  ascent  requirements.  These  require¬ 
ments  are  based  on  the  accuracy  of  the  final  orbit  injection,  which  is  less  stringent 
than  the  requirements  for  stabilizing  a  satellite  to  an  accurate  pointing  reference  in 
final  orbit. 

The  body-spin  satellite  must  be  balanced  in  a  two-step  process  -  for  the  transfer  orbit 
and  for  the  final  orbit  configurations.  The  latter  balancing  has  to  be  conducted 
repeatedly  throughout  the  manufacture  and  test  cycle  whenever  the  configuration 
changes  because  of  test  instrumentation  or  component  replacement.  Test  facilities 
for  the  body-spin  satellite  must  include  an  accurate  spin  table  for  dynamic  operation 
during  system  test.  This  facility  must  also  contain  highly  accurate  despin  platform 
alignment  equipment  to  monitor  the  operation  of  the  despin  servo.  None  of  this  equip¬ 
ment  is  necessary  for  system  testing  of  the  wheel-stabilized  satellite. 

CONCLUSIONS 

Simplicity.  The  wheel-stabilized  satellite  is  at  least  as  simple  as  the  body-spin  sys¬ 
tem  in  spacecraft  design  and  operations  and  much  simpler  to  assemble,  test,  and 
transport. 
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Confidence  in  Design.  Both  the  wheel- stabilized  satellite  and  the  dual-spin  designs 
are  based  on  qualified  hardware  and  approaches  that  have  been  applied  successfully 
in  major  military  and  NASA  programs. 

Reliability .  Of  utmost  importance,  the  wheel-stabilized  satellite  can  be  immune  to 
any  single  catastrophic  bearing  failure  mode  that  could  cause  telecommunications 
outage.  Reliability  of  the  body-spin  system  is  compromised  by  the  vulnerable  slip- 
rings  and  brushes,  and  binding  of  the  despin  bearings  could  paralyze  the  satellite  and 
cut  off  communications.  There  is  no  practical  backup  for  these  bearings. 

Flexibility/Growth .  In  addition  to  its  greater  dependability,  the  wheel-stabilized 
satellite  has  inherent  growth  potential.  Simply  adding  or  subtracting  solar-array  area 
equips  it  for  different  missions,  and  updating  it  for  longer  life  requires  only  a  larger 
hydrazine  propellant  capacity.  By  contrast,  the  body-spin  system  is  limited  in  growth 
potential.  Any  changes  in  the  length  of  the  drum  or  even  the  hydrazine  capacity  dis¬ 
rupts  mass  properties  control  and  consequently  the  dynamic  balance  crucial  for  point¬ 
ing  accuracy.  Therefore,  adaptation  to  a  different  mission  could  require  major 
redesign. 

In  summary,  the  wheel-stabilized  satellite  is  comparable  to  the  body-spin  system  in 
simplicity  and  in  design  experience,  it  can  eliminate  single  path  failure  modes,  and 
it  affords  mission  flexibility  and  growth  potential. 
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EFFECTS  OF  USING 
A  TELESCOPE  SECONDARY  MIRROR 
AS  A  SCANNING  ELEMENT 


by 
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(Previously  distributed  as  Technical  Memorandum  No.  3) 
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1.  BACKGROUND 

Recent  developments  in  optical  design  have  made  possible  the  use  of  Cassegrain-type 
telescopes  at  angles  much  farther  oil  axis  titan  previously  by  tilling  the  secondary 
mirror.  This  led  to  the  eons  ide  rat  ion  of  an  agile  secondary  mirror  lor  pointing  and 
steering  of  the  optical  communication  subsystem.  Further  investigation  shows  that 
factors  other  than  resolution  have  an  impact  that  makes  this  approach  impractical. 

This  memorandum  provides  a  brief  review  of  these  factors. 

2.  DISCUSSION 

Using  the  secondary  mirror  of  a  two-mirror  telescope  system  as  a  scanning  element 
directly  affects  the  primary  mirror  of  the  system  in  two  important  parameters,  both 
of  which  are  a  function  of  the  scan  angle: 

•  Primary  mirror  size 

•  Primary  image  size 

It  is  easy  to  develop  a  geometric  expression  that  equates  the  primary  mirror  diameter 
and  the  scan  angle.  Analyses  by  Perkin-Elmer,  Consultants  to  the  Electrooptieal 
Sciences  Laboratory,  and  by  LMSC  have  developed  equivalent  expressions  for  the 
primary  mirror  diameter  as  a  function  of  scan  angle.  The  expression  developed  by 
Perkin-Elmer  is  the  simplest  and  is  presented  here. 

D  =  A  1  +  2  N  -  tan  U 
P  P  r 

where 

D 

P 
A 

N 

P 
r 


n-i 
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=  primary  mirror  diameter 
=  required  collecting  aperture 
=  nominal  f  number  of  collecting  aperture 

=  obscuration  ratio  of  the  secondary  mirror  to  the  collecting  aperture 
=  half  scan  angle 
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Using  an  obscuration  ratio  of  one-third,  the  primary  mirror  size  as  a  function  of  N 
for  a  collecting  aperture  of  24  in.  and  a  half  scan  angle  of  11“  is 


D  =  24  (1  +  0.  b  N  ) 
P  P 


IT 

_J2 

Focal  Length 

_P 

1.0 

24.0 

43.  2 

1.5 

36.0 

52.8 

2.0 

48.0 

62.4 

These  primary  mirrors  would  require  the  following  f  numbers  to  satisfy  the  nominal 
f  number  required  for  the  collecting  aperture: 


N 

_P 

f  Number 

1.0 

0.  55 

1.5 

0.68 

2.0 

0.77 

Not  only  does  the  primary  mirror  diameter  become  excessively  large,  but  its  f- 
number  becomes  so  fast  that  the  mirror  becomes  difficult  to  fabricate. 

Figure  1  shows  a  primary  mirror  with  a  nominal  collecting  aperture  f-number  of  i 
a  collecting  aperture  of  24  in,  ,  an  obscuration  ratio  of  one-third,  and  a  half  scan 
angle  of  11°. 
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Fig.  1  Effects  of  Tilting  Secondary  Mirror 


The  third-order  aberrations  of  an  image  formed  by  a  mirror  are  readily  calculated 
from  the  following  standard  formulas,  given  in  the  Handbook  of  Military  Infrared 
Techniques. 


•  Paraboloidal  Mirror  (simplest  case  with  stop  at  focal  plane) 


CC* 


where 

CC*  =  coma 

y  =  height  of  ray  from  axis 
Up  =  angle  of  ray  to  optical  axis 
f  =  focal  length  of  mirror 


•  Spherical  Mirror  (simplest  case  with  stop  at  center  of  curvature) 


SC  = 

4  r 
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where 

SC 

=  spherical  aberration 

y 

=  height  of  ray  from  axis 

r 

=  radius  of  curvature  of  mirror 

The  angular  sizes  of  the  image  of  a  point  source  from  the  mirror  fcr  the  various  focal 
lengths  and  diameters  are 

■j)  Paraboloidal  Mirror  Spherical  Mirror 


1.0 

0.041  rad 

(2. 32°) 

0. 101  rad 

(5 . 7  8 c ) 

1.5 

.027 

(1.55°) 

.  067 

(3.  85“ ) 

2.0 

.021 

(1.21°) 

.053 

(3.04“) 

The  aberrations  are  seen  to  increase  for  the  faster,  smaller  diameter  mirrors,  which 
indicates  that  except  for  relatively  long  focal  length  mirrors  the  image  size  is 
excessive;  however,  longer  focal  length  mirrors  are  too  large  to  be  usable. 
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SVC  nos  i 

r:.~  .‘iouuction 

Optical  coi.cuunic.it ions  offers  sevt-ral  advantages  over  the  more  con- 
vent  lon-ii  :n;.c.ro.«ve  or  r,> l  in  frequency  means  of  communications.  O.it  of  the 
pvin.-.ip:-!  -M‘.'’sntrgas  is  the.  tremendous  available  antenna  gains,  allowing  cnmmur.i 
cations  entr  long  ranges  (e .  g .,  synch  ronous  satellite  to  earth).  T.n  order  to 
utilise  this  property,  extreme ly  precise  pointing  Is  required  -  on  the  orce.  01 
1/ID  to  1/105  ef  an  atc-recond.  This  precision  pointing  is  achievable  with  the 
ust  of  v  cooper ative  beacon.  That  is,  one  station,  say  "A",  sends  a  laser 
ber-.ec’i  tc  its  companion  terminal,  "8".  Si-ation  "B"  then  locates  the  beacon 
and  "acau'rcs,:  and  tracks  the  beacon  with  fractional  arc-second  precision.  At 
this  point,  a  lsser  beam  is  pointed  back  toward  "A".  When  "A*1  acquires  the 
laser  from.  "I'1’,  the  communication  link  is  established  and  comraunicat i er.s  can 
begin.  Ai:  che  beginning  of  this  acquisition  sequence,  the  angular  location  of 
the  cor-] 1 3 ni or.  terminal  is  not  known  .rith  the  precision  required  for  pointing 
the  acquisition  beacon.  Therefore,  specie!  procedures  are  required  for  acqui¬ 
sition. 

Cr.e  method  is  to  intentionally  diverge  the  beacon  to  floodlight 
the  uncertainty  area  of  the  companion  terminal.  This  technique  creates  a 
problem  who-,  the  antenna  has  aa  obscured  aperture  (e.g.,a  Cassegrain  or 
Grr-gor Ian  type  telescope).  In  this  riefocuFsed  condition,  the  central  obscu¬ 
ration  in  projected  into  the  far  field  so  that  a  dark  hole  appears  exactly  where 
the  compatilr,  •  terminal  is  most  likely  to  he  located.  This  will,  in  the  best 
car.e,  increase  the  acquisition  time,  and,  in  the  worst  cane,  prevent  acquisi¬ 
tion  altOfiithor.  Tne  purpose  c£  thi«  paper  Is  to  examine  how  thin  "hole" 
developc  ts  i.he  telescope  is  def ocui.ncd.  At  the  end  of  the  analysis,  alter¬ 
native  acquisition  schemes  are  described  that  may  be  used  to  avoid  this  problem. 
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The  following  analysis  j ..  based  upon  classical  diffraction  theory 
(R  yleigh-Somraer field) and  results  in  description  of  the  intensity  distribu¬ 
tion  in  the  far  field  of  o  centrally  obscured  telescope  illuminated  by  a  point 
source  at  or  near  the  telescope  focus.  The  location  of  the  point  source  is  a 
parameter  of  the  analysis  allowing  the  far  field  intensity  distribution  to  be 
computed  for  various  amounts  of  defocus  (including  the' focussed  condition).  The 
telescope  (consisting  of  two  or  more  mirrors)  is  represented  by  its  equivalent 
lens,  the  central  obscuration  appearing  as  an  opaque  r.egion  in  the  center  of 
the  lens  (Figure  1).  This  computation  shows  how  the  "hole"  develops  as  the 
telescope  is  defocussed.  Minor  modilicatiors  to  this  analysis  when  the  source 
is  a  laser  cperating  in  the  TEM  ^  mode  are  shown. 
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SECTION  II 

ANALYSIS 


Figure  1  shows  the  geometry  assumed  for  the  calculation.  In  the 
figure,  f  is  the  focal  length  of  the  equivalent  telescope  lens,  rc  is  the  dis¬ 
tance  from  the  point  source  to  the  lens,  a  is  the  radius  of  the  telescope  aper¬ 
ture,  end  b  is  the  radius  of  the  central  obscuration.  The  image  of  the  point 
source  is  also  shown  located  at  a  distance  r^  from  the  lens.  Then  0  is  one 
half  the  geometric  divergence  angle  of  the  defocussed  beam. 


Figure  2  defines  the  coordinate  system  and  notation  used  in  the 
analysis.  A  point  in  the  aperture  plane  (the  plane  containing  the  equivalent 
telescope  lens)  has  coordinates  (x,y)  or  in  cylindrical  coordinates  p  =  +  y^)^^ 

1  Y 

0  =  tan  i.  Similarly,  a  point  in  the  observation  plane,  located  a  distance 

^  22  1/2  ^ 
from  the  aperture  plane,  has  coordinates  (x',y')  end  p'  -  [(x1)  +  (y1)  ]  , 

6  1  =  tan  ^  . 


The  analysis  assumes  a  point  source  at  r^.  A  spherical  wave  emanating 
from  Tq  is  then  incident  on  the  equivalent  telescope  lens.  The  amplitude  and 
phase  of  this  wave  in  the  plane  of  the  aperture,  but  before  encountering  the 
lens,  is 

ikr^ 


r 


1 


where  r^  is  the  distance  from  r^  to  P(x,y)  (see  Figure  2).  The  lens  la  repre¬ 
sented  «e  a  pure  phase  transformation,* 


-i 


* 


♦  y2> 


(i) 


Goodman,  J.,  Introduction  to  Fourier  Optics,  McGraw-Hill,  1968. 
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Coordinate  System  and  Notation 
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Then  using  Rayleigh-Soiumerfeld  diffraction  theory,  each  point  o{  the  emerging 
wavefront  Is  considered  to  be  the  source  of  a  new  wave  with  an  amplitude 
l/\  tines  the  amplitude  ot  Cho  emerging  wav,-  al  that  point,  a  phase  equal  to 

the  phase  ot  the  emerging  wave  at  that  point  minus  90“,  and  a  directional 

charact  *  r  is  c  ic  given  by  cos  (n,^). 

(n,f!j)  «=  the  angle  between  a  normal  to  the  plane  of  the  aperture,  n, 
and  the  direction  of  r^, 

n  -  unit  vector  perpendicular  to  the  aperture  plane  and  pointing 
toward  the  observation  plane 

r^  =  unit  vector  in  the  direction  from  the  point  in  the  aperture 

plane  (x,y)  to  the  point  ir.  the  observation  plane  (x',y') 

tSee  Figure  2.) 


Then  the  electric  field  amplitude  at  F'(x',y’)  due  to  a  point  source 


at  a  distance  from  the  lens  is  given  by: 


ikr. 


,  k  .  2  2. 

■i  ~(x  +  y  ) 


l  r~i_ 

J  L  i\ 


ikr„ 


cos 


(n,r2)] 


d  A 


(2) 


w:.ere 


relVrl, 

L'  rt  J 


.k  ,  2  2, 

l2f  (X  +  y  >•  1 


represents  a  spherical  wave  emanating  from  the 
point  tg  behind  the  lens 

is  a  phase  t  'ensfeonar. ion  of  the  equivalent 
telescope,  lens 


ikr. 


P- 

Lo. 


cos(n,r)J 


represents  a  spherical  wave  emanating  from  P/x,y) 
(Huygen's  wavelets)  with  the  amplitude  factor,  —  > 
and  obliquity  factor,  cos  (n,^),  derived  in 
Rayleigh-Scmnerfeld  diffraction  theory 

K  \ 

>,  ^  wavelength 
A  -  aperture 
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In  older  to  simplify  the  evaluation  of  the  integral  in  (2),  the 
exponential  arguments  may  be  expanded  in  terms  of  x,y  and  x' ,y'  and  then 
approximated  by  neglecting  higher  ord-r  terms: 


This  ignores  terms  of  higher  order  and  is  the  Fresnel  approximation. 


This  aasw.es  y.^  Is  large  compared  to  the  dimensions  of  interest  at  the  aperture 
pi.*na  t  nd  the  observation  plana  (true  for  "small"  angles  1°).  tor  this 
ceometry,  cos  (n,  r^)  1.  Alao,  nir.ce  the  ma^or  contribution  to  the  Integral 

c.c.r.ns  from  the  oscillating  exponent ial  terms,  the  amplitude  factors  in  the 
dcr.omlnj t or  may  bo  approximated  by 
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i,  i'Q  and  r  =v  l  respec t  ive  1  y  (th  first  terms  In  tlie  above  expansions)  .  >  v 

T'.n  n  tut  oxpresslv'r  for  the  electric  field  amplitude  becomes: 


A-:  this  pointy  it  a  simplification  to  note  that  the  result  of  this  calculation 
i#  the  lut  1  n i in  a  plane  at  a  distance  /J  from  the  aperture.  The  phase 
factors  in  front  of  the  integral  above  have  a  '.rr  jnlt  ude  c£  unity  and  *111  r.ot 
co: or  to  -he  intensity.  In  addition,  t.ha  itude  factor  is  simply  u 

.or scant  .scale  factor  and  may  be  ignored  for  the.  purposes  of  this  discussion. 
Then  in  cylindrical  coordinates  (see  figures  >  and  2), 


,k  r  1_  1  I_n  2 

.  2  [r0  “  £  +  *oJ  p 


-i~  pp’cor.  (S 


pdpd9 


(6) 


P  1 

At.nin  tlie  2r  can  be  ignored  as  it  is  a  reastant  scale  factor.  Now  let  —  ~  O  the 
angle  Iron,  the  center  of  the  aperture  •  o  the  rbjji-v point.  Eq.  6  describes 
the  ilictrlr.  field  amplitude  in  .-  pl.'n:  r.t  a  dlstenca  cq  from  tha  aperture,  under 
tin  corui'ilon  that  the  P?p"oximstion9  in  ('.)  and  ( '<  -re  satisfied.  This 
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approximation  is  conrnonlv  referred  to  as  Fresnel  diffraction.  If,  in  addition, 

'  2  v2 

the  distance  to  the  observation  pl«n«,  1  ,  it  large  enough,  the  terms  - — -  and 

0  x  2zq  2zq 

in  equation  (4)  can  be  neglected  with  respect  to  —  x'  end  y'.  This  case 

z 0  z0 

is  known  as  Fraunhoffer  di  * i  ract  lor..  The  appropriate  expression  for  each  case 
is  given  below. 


.  w  ri_  1  L 

.a  2  r  ;  f  +  z. 


“l  "  C 


J0(ko3)  pJp  {Fresnel) 


,  trL  .  ii  2 

.«  1  2  -r0  f-*  0  .  . 

—  j  c  Jq(Koo)  pdn  I Fraunhoffer) 

'  b  J 


K<>U  that  these  two  expressions  have  exactly  the  same  form.  If  we  define 
£  *  t,  ~  ■:  t  —1,  i  s  k[“  -  -1-] ,  and  &  -  ka,  then  both  expressions  have 

1  0  '  7  o'  1  lo  ’o 

ci  •  n 


t  -  I  c  1  ^  ’  2  J_lm  ,n)  PdP 


where  u  ~  for  Fresnel  diffraction,  and  for  Frourhoffer  dif f  ract  icr.. 

Eq,  (9)  can  be  evaluated  ir.  terms  of  the  Lonroel  functions:* 


u  (u, v )  =  z 
n  s=0 

C-l)‘ 

^n-»2s 

(v) 

(10) 

Vi 

v  (u,v>  -  r 

"  s-0 

(-1)’  (;>,h2‘ 

"*n+2s 

(v) 

(U) 

See,  for  example.  Born  &  Wolf,  Principles  of  Optics,  p.  438,  2nd.  revised 
edition,  Kacuillen,  1964,  ~ 
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The  solution  i  :■ 


r  a  2 

~  i  c:  ~  a  [U1  (ua?,a-a)  -  iU,,  (pa2,  tua)  ] 

»  02  2  ?  d 

fc  2-1  2  J 


(12) 


-  2 

E  -  -  “  j-iAS  /?  [Vo('.r/,i;a>  -  iV^d2,.!*)] 

a1"  2  ^  1  V  ftp  n  ,  t.'ao'i  ■•  V*  t/-,3  P  .  (rflp)  j  >  lib) 

'  °  1  J 

•-p.ere  u  nas  been  replaced  by  ap.  Bath  Equations  (12)  and  (13)  are  valid. 

ro-jovur,  tor  t.ua  pur*,  ores  ci  calculation,  the  expression  utilizing  the 

•  «  -ore  rd.v.”  'er-  tvh.a-'  (~A  is  less  than  1,  while  the  expression  utilizinr 

W'  -uv  fv  •> 

tin-  V  is  “-ore  convenient  vhen^-jis  greater  than  1  ;  ~  <  i  in  (li)  •. 


'Inere  r.ve  .several  interesting  features  tc  Equation  (8).  First 
,tr  r  b-0  ( unobs 

tier.  Ecus'.  ■>  on  (8)  be  cones 


ote  cl  2v  when  b=.0  (unobscuied  apertvj.  ),  if  t  -  £  (colligated  •  el.es cope). 


j>f  ^  J.(tua) 

E  -  *,  J  (ujp)  Pdp  -  a - ,  i  he  fa-  ,' liar  Airv  ructer,-. , 

*  o  uua 

o 


Second,  Equation  (8)  may  be  simply  evaluated  to  find  the 
intensity  in  the  center  of  the  far  field  pattern,  l.e.,  for  uj-k  a=0 . 


For  this  case: 


I*  2 

E  *  =  i  itiO  /2 

o>-0  .  b  <■  pdp 


2  r  iAa2/li  sfn(Aa'74) 


!  {•“* 


P«2/A 


2^  I/'  A  p  2  ! L  S 

lJ-2/\  J 


& 


$ 


s> 


& 


k. 
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Then  the  into 


it  j  s  p*vi j  V 


h««  C-'.i.  r  i- 
aperture,  vh 
p;r-'u;t.cr  t 
n:ode  laser) 

limited  t 
of  '.he  fir. s’. 


ir. ity  at  w  •'  0  is 


"  «*  11 


II  *, r."/A  j  L  A  «'  /4 


i  ;  -T 
*  1  lv  .,1.  E-/A1. 
2„. 


?.  c.os  i  f.ft  (i  p  J  / 


-■.int'Aa  Mlsm  (A  a  p  ,'_i 

(Aa2/4)?' 


(I/O 


,1  l  OA  i  >  xH. 


•  <>  fV fi r  p  -  0.  i\ n  ii»i0^s**'ov  spermrt 


•(;i>,p=0)  ’  '■* 


sir  f.\t:  /4) 
ia2/4 


/--SiH-S-  i  \  >icte  th-.t  this,  t;  .-nas  that  for  an  unobscv?M 
.:SL..iitr*l  intensity  can  hi  two  for  certain  values  of  the  defocus 

1  1  .i_  _  t‘  n>.  ^  ^  ai.iu  ^nf.  Ken  ■. 

r  \> 

o 

as  shown  later. 


_  j.  .  ll.  This  5i  not  the  cacti  for  a  Gaussian  be<w 


Note,  t  hat  fut  the.  rollin.attd  condition  (r^  =  f),  the  d.cff  cacti  on 
.  spread,  --.he  angle  bet  .eon  the  central  direction  and  t  he  direction 
dark  ring  of  the  oily  paurern,  ia 

a  d  x  •  -  1.22  Yj  where  D  2a 


Then 


'd.L. 


to 


d.L. 


<J*1  iU&X 

\  2a 


In  order  tc  interpret 


L 


l/- 


note  that 


1  «?.2d 
a 
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.  ,  f-r  f-r 

A  a  I  -  4  -  — r2  *  — sr2  *  ^  for  r  -  f 


k  r  f  r* 

o  o 


where  3  =  the  defocus,  or  displacement  between  r  and  f, 

3  o 


t  ^  c 

>.f2 

This  allows  us  co  interpret  A  in  terms  of  the  defotus. 

The  following  figures  (3  through  7)  give  the  results  of  a  computer 
evaluation  of  Equation  13  for  five  different  values  of  £,  the  defocus  param.ett 
The  figures  range  from  the  focussed  condition.  (Figure  3)  to  a  defocus  such 
that  the  beam  spread  Is  approximately  10  times  the  diffraction  limit  (Figure 
7).  iX  this  point,  the  projected  obscuration  is  clej-rly  evident.  The  com¬ 
puter  results  are  included  as  Appendix  B. 

These  figures  can  readily  be  interpreted  in  terms  of  a  specific 
example.  Consider  a  f"  apei ture  transmitter  operating  at  \  s  0.33um.  The 
diffraction  limited  beam  divergence  (1.22  ~  half  angle)  is  approximately 
1  arc-sec  Then,  for  this  case,  Figure  7  corresponds  co  a  de.focus  such 
that  the  geometric  beam  divergence  is  10  arc-seconds,  lhis  defocus  is 
therefore  quite  small  compared  with  tr.at  required  for  typical  acquisition 
,e  u  are:..t::. . 
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Normalized  Far  Field  Angle 


Figure  3. 


Intensity  vs.  Field  Angle,  for  No  Defocus  (Diffraction 
Limit  -  Angle  to  First  Dark  Ring) 
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Figure  4.  Intensity  vs  Field  Angle  for  Small  Defocus 
(A  =  2«) 
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•is!c  Angle  for  6-20 


time*  the 


I 


In  a  practical  optical  communication  system  the  beacon  iiource 
is  most  probably  a  laser  operating  In  the  TEM  Mods,  This  .iod*  has  a 
Gaussian  transverse  Intensity  distribution  and  the  point  source  assumed  In 
the  analysis  of  Section  II  is  modified  eo  that  the  expanding  wave  Incident 
on  the  telescope  is  of  the  fora. 


where 


#  w2  eik/2R 

w  «t  beam  radius  measured  et  th“  1/e  point 


(15) 


and 


w 

o 

X 


r 

o 

R 


beam  waist  (rainia'um  beam  radius) 
wavelength 

distance  from  beam  walat 

the  radius  of  curvature  of  the  expanding  wavefront 


Note  that  for  typical  numbers, 

R«l[*l  +  10^”l»r  .  Thus, 
o  L  o  > 


,  -4  -6 

wp  “  10  meters,  X  10  meters,  »»  3  meters: 
the  primary  modification  to  the  analysis  of 
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To  Avaluace  l(x),  th*  Deaytl  function  expansion 


J0(y) 


r 

m»»0  (m 


t.u!  /if 

n2  W 


(19) 


givas 


-  1  M*2r2  * 

Kx)  =  J  «  ‘  j: 


r  ,  V  tl  /  \ 

tr±2_  /lt*I  \ 


0 


m=0  (r.:l) 


\  2  ) 


rar 


szD™  (**\2ma'\ 


m=0  (ml)2  '2  '  V2‘ 


.1  2 

-Mx  u 

i  e  u  au 


(2C) 


This  integral,  of  the  fern,  Q(m) 
by  repeated  integration  by  ports  to  give 


-  J1 


-26  TO 

e  s  ds^  can  be  evaluated 


Q(m)  = 


2.  ,  n 

n«tO  itu-n)  ;  z 


to. 

m+1 


(21) 


Using  (21)  with  s  =  Mx  in  (20), 


«  ,  ,  Nm  .  v2ra  ,  f  **Mx~  ra 

«»>  -  t  ^  (f)  (£(--•—  * 

m«=0  (ml) 


n*  n"°  (m-n) 1 (Mx2) 


4  „  m+1  | 

(MX^)  J 


1  I  „  4K  -Kx‘ 

2  J  -  e 


2Mx 


oo  m  ,  ,,n  ,  \2m 

r  *  i4i-  f 

m-0  n=0  '2  • 


nl(Mx^) 


m- 


-1 


(22) 

* 

h.D.  Dickson  "Character!  si  let  of  a  Prop*3«t  lnj  C#u**ian  B  a  mo,,  Applied  Optica, 
Vol  .  9,  {To.  8,  August,  19/0  ~l  ~ 


r 


Finally,  substituting  (22)  Into  (18)  gives 


2  *  2M  tC  nt=0  ...0  mi  4  r.Ur0“‘n 


m 


i  m  /,  u  u 

u  /  ■  m  ,  ,  v®  > , ^ 

.  r  r  .izXL  £-)  AlJ — 

A  A,  «i  U  i  J 


m=0  n=0 


nl(M) 


(23) 


Note  that 


this  result  is  ^Ud  fov  «  point  source  |  M  •  -1  -jj 


as  wc3j  as  a  ('au^siau  |M  *  — ^  -  i  v  j  •  Substituting 

w~ 


*  |m  -  -1  f;  |  i 

■i  je12*®  p  U  |vo(.Aa4‘p?,ttiap)  -  lV^Aa'p^uiup  { 


)  into  (23  )  gives 


_lia2/2 


^Vc(Aa2,y>h)  -  i^u'Awe)  J 


(2*> 


This  Is  identical  to  Equation  (13),  as  expected. 


In  order  to  compute  the  intensity  in  the  center  of  the  far  field 
for  an  unobscured  Gaussian  transmitted  bo  mg,  tu  and  P  <?rc  set  equal  to  zero 
in  (23),  giving 


0- 


E  «  ^  A.e-Vei-'a2/2 


} 


Than 


2  4MM* 


■>  2 

1  +  .-2*''« 


2  2 

-  2e  w  cos  (6*  /2) 


The  minimum  value  of  the  factor  in  brackets  occur*  when 


As 


■  0,  ?.n,  .... 


S-21 


i 


I.MSC-B290200-II1 


min 


2  2  2  ,  2 
,  -2a*  A*  .  ,  /* 

1  +  a  ■‘t 


2  , 


«  .  t’«  /w  )  *  o  for  «  finite  and  ■  >  0 

*u.|  akflfiA  <  g  never  %  null  io  tb6  center 
This  verifies  tns  statement  that  there  is  never 

of  the  far  field  pattern  for  a  Gaussian  transmitted  beam. 
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SECTION  III 

ALTERNATE  ACQUISITION  TECHNIQUES 

There  are  a' number  of  techniques  for  avoiding  this  problem: 

(«)  Use  an  unobscured  aperture. 

(b)  Use  collimated  light  (do  not  defocue  ). 

(c)  Use  spatially  incoherent  light. 

Each  of  these  alternatives  has  advantages  and  disadvantages 
according  to  the  particular  mission. 

One  way  to  avoid  the  problem  is  to  use  an  unobscured  telescope 
as  the  optical  antenna.  This  method  is,  in  concept,  the  simplest, of  Che  three, 
and  is  attractive  from  another  point  of  view.  That  is,  when  a  TEM  node 
laser  beam  (Gaussian  field  amplitude  in  the  transverse  plane)  is  transmitted 
through  an  obscured  telescope,  the  obscuration  occurs  at  the  peak  of  the 
Gaussian  field  distribution  and  therefore  obstructs  a  large  proportion  of 
the  transmitted  energy.  This  can  be  avoided  by  using  an  energy  redistrlj>u- 
tion  element*  which  has  critical  alignment  tolerances.  With  an  unobscured 
aperture,  this  problem  Is  completely  "avoided . 

An  unobscured  system  might  be  either  a  refractive  telescope  ot  an 
off-axis  reflective  telescope.  The  refractive  system  would  be  useful  for 
a  2  -  3-inch  aperture,  while  the  off-axis  system  is  useful  for  a  system  with 
an  aperture  *  6  inches, with  some  tradeoff  between  the  two  for  a  system  with 
an  aparture  diameter  between  3  and  6  inches  . 

*  W.H.  Peter*,  A.M.  Ledger,  "Techniques  for  Hatching  a  Leaar  TEM  Mode  tc 
CbeObred  Circulec  Aperture ,"  Agpl.  Optics,  Vol.  9>  p.  1^35 >  duae  1970 ■ 
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A  second  technique  to  avoid  the  iat  field  obscuration  is  to 
scan  the  collimated  beacon  over  the  uncertainty  area  rather  then  diverging 
the  beam  for  acquisition.  This  is  compatible  with  scanning  the  receiver 
field-of-view  (scnn-on-acan) .  This  technique  6till  requires  an  energy 
redistribution  element,  with  Its  associated  alignment  tolerances. 

The  above  solutions  are  operations  on  the  coherent  wavefront 
which  retain  the  coherence  of  the  beats  (defocue,  ru*~  '  r1  "*•"*,  etc.).  This 
technique  suggests  that  the  spatial  coherence  of  the  transmitted  wavefront 
be  degraded  in  a  controlled,  but  random,  manner  to  Increase  the  divergence 
of  the  beacon  during  acquisition.  An  accurate  estimate  of  the  divergence 
Is  obtained  by  the  following  relationship: 

a  =  (2 . 4\/D)  •  D/6  =  2.4X/6 

where 

a  =  divergence  in  object  space 
„  D  -  diameter  of  primary 

6  =  spatial  coherence  scale  as  viewed  at  primary 

Thus, we  note  that  for  a  0.25*  o  .007  radian,  5  =  1.7  r.  10  ^  meter 

170u  at  A.  =  0. Sum.  The  coherence  acele  la  reduced  In  proportion  to  tbe  anjpt^ar 

magnification,  M,  of  the  "be.vind  the  mirror  optics."  Thus,  if  the  primary 
aperture  is  ~  6.0  in.,  with  a~  1.0  in.  collimated  beam  behind  the  mlrr9r 
to  give  a  value  of  M  =  6, the  coherence  scale  is  6  '  =  170. /6  =  2 ftp . 

An  experiment  which  readily  demonstrates  the  above  physics  is 
to  place  a  sheet  of  Scotchlite  at  the  focus  of  a  convergent  beam.  The 
light  reflected  from  the  Scotchlite  forms  a  perfect  Airy  pattern  whose  sire 
is  directly  deduced  from  the  50p  diameter  of  the  individual  balls  of  the 
Scotchlite  (i.e.,  the  coherence  scale). 

Another  device  that  could  easily  be  developed  will  probably  be 
arare  efficient  and  more  easily  implemented.  As  suggested  by  T.  Facey,  a 


S-M 


decoherencer  may  be  made  by  ptyjtographing  a  large  number  of  Psadtmly  glewf 
dote  of  various  tones  but  the  same  scaled  diameter  {.  By  bleaching  the 
negative  (as  In  a  phase  hologram),  we  can  generate  the  transmission  equivalent 
of  the  reflective  Scotchllte.  This  will  permit  the  dacoherencer  to  be  placed 
In  the  beast  by  a  solenoid  operated  rotating  arm. 

Two  potential  problem  areas  exist.  The  Instantaneous  diverged 
far  field  pattern  will  have  nulls.  However  these  nulls  may  be  teaporally 
averaged  out  If  a  email  dither  of  the  magnitude  6  Is  pieced  on  the  deco- 
herencer.  The  second  problaa  concerns  the  compatibility  of  the  proposed 
concept  with  existing  optical  designs.  As  pointed  out  by  C.  Hclntyr% 
the  clear  aperture  of  the  relay  optics  may  have  to  be  increased  to  accommo- 
d*te  the  diverged  beam.  Further  study  is  required  to  determine  the  optimum 
location  for  the  decoherence  assembly.  Sorao  alternatives  are  noted  in 
Figure  8. 
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In  optical  communications  systems,  a  laser  beam  Is  transmitted 
through  an  optical  antenpa  or  telescope.  When  the  telescope  has  an  obscura¬ 
tion,  as  in  a  Cassegrain  or  Gregorian  design,  this  obscuration  ia  projected 
into  the  lar  field  when  the  transmitted  beam  is  de focused  for  acqulelt<on. 
Section  II  contains  the  results  of  the  diffraction  analysis  prasented  there, 
showing  how  the  far  field  pattern  develops  a  hole  (intensity  minimum)  In 
the  center  as  the  transmitted  beam  is  de focused. 

Section  III  contains  a  brief  description  of  alternative  acquisi¬ 
tion  concepts  that  avoid  the  problem  with  the  obscuration.  At  present,  it 
ia  fell  that  the  off-axis  reflective  telescope  design  is  the  most  desirable 
approa.i.  to  an  efficient  optical  communications  transceiver  antenna. 
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Appendix  T 

RAY  TRACE  COMPUTER  RUN 

'iUi  Append] ::  contains  cite  i'-rst  order,  thin  lcr-f ,  compute  1  .'ay 
?r«i-  »  Zoi  '«,a-;Va;.;e  A  •  *  with  an  f/2.2,  6“  diameter  primary  mi' tor.  Note  that 
„  i,  p"  miciunl  ray  atvi  the  apei'.-jte.  t  ay  ave  p  m '-xl.il  rays  a  ltd  thus  UeV.'.ts 
r.td  d-yfc»  t-u  ocn«.c  rays  may  bt  scaled  directly  fror,.  tae  heights  ac-d  anolts  . 
tte  computed  heights  give  the  heights  above  the  base  rays.  The  first  order 
ray  trace  is  summarized  in  Figure  T-l. 

The  format  for  the  computer  printout  ts  given  below.  Three 

i cm p  . :  a v ions  :r>:  given: 

(c,\  i\a y  irate  for  Image  Dissector  Path.  This  tracer-  the 
rays  from  the  telsscope  to  the  image  dissectc*.-.  Tl  ^ 
elements  included  ate: 

« 

1.  Primary  Mirror 

2.  .Secondary  Mirror 

3 .  r i e Id  Lens 

4.  Off-Axis  Ifcrsbolic  Collimator 

5.  Wiggle  Mirror 

6.  Telephoto  Lens  *'1  (on  polncube; 

/.  Telephoto  Lone  2 

(h)  .toy  Ti  act  fer  Hen-,  heed  1  i t. at.  Ion  Path  (Focussei).  This 
trace  a  t  Vie  ravs  ,'rom  the  Hearn  Expander  through  the-  tele¬ 
scope  when  the  bo r -i  Li  col  1  icixted  .  The  elements  included 
are: 
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Figure  T-l.  First  Order  Ray  Trace 
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1. 

he  nn  Expander  t.t ->s 

Vi 

i . 

l>iim  Expander  Lens 

'*'2 

3. 

jtm  Wte  lwbaU* 

u . 

Field  beat 

b. 

Secondary  Mirror 

6. 

Primary  Mirror 

7. 

Stop  (primary  mirtor  aperture) 

(c)  Ray  Trace  for  beam  Pecol  1  Imecio.i  Path  (Def  t-cussed  )  Ih.s 
traces  the  rays  ft  on  the  Bean  Expander  through  the  tele- 
Gcopc  when  the  baa.  ,  in  dciocutsed  tc  1  arc -minut®  •  t  up 
elements  are  the  sane  as  in  (b). 

computer  printout  format 


Distance 

Between 

Height  of 

single  of 

Pou'e  r 

Elements 

Ray 

Kuo _ 

Sys  ten 

EKL  -  Effective  Focal  Length 
BFL  -  Beck  Focal  Length 

YC:P  -  Height  in  the  Cause  tan  Image  Plane 
Encer  -  Distao.ce  from  Entrance  Pupil  to  First  Surface 
Exit  -  Distance  from  last  Surface  to  Exit  Pupil 
Ferre  1  -  -Jarre-  Length 

r*« 
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Len^  No.  I 

FL  -  Focnl  Length 
D  -  Distance  to  Next  Elcmct 

50  -  Object  Distance 

51  -  Image  Distance 
MAO  *  Magnification 

YAR  -  Height  of  Aperture  Ray 

ypM  -  Height  of  prlnc^l  Ray  (Meridional  Plane) 
Lens?  No.  2 
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SUMMARY 

This  memorandum  presents  the  results  of  a  study  of  position  determination  require¬ 
ments  of  a  space  data  relay  system.*  LMSC  has  a  computer  program  which  simulates 
the  computation  of  an  ephcmeris  and  shows  the  position  errors  that  result  lrom  various 
input  errors.  This  program  was  used  to  investigate  the  requirements  of  a  single  link, 
i.e.  ,  ground  to  synchronous  satellite,  and  a  double  link,  i.e.  ,  ground  through  a  syn¬ 
chronous  satellite  relay  to  a  low-orbit  satellite  or  to  a  second  synchronous  satellite. 
The  program  considers  ali  the  major  error  sources  in  ephcmeris  prediction,  includ¬ 
ing  random  and  bias  tracking  errors,  ground  station  location  and  timing,  radiation 
pressure,  atmospheric  drag,  and  gravitational  model  errors. 

The  major  results  and  conclusions  are: 

•  When  angle,  range  rate,  and  range  data  were  used  to  simulate  ephemeris 
prediction  of  the  synchronous  satellite,  only  range  data  contributed  signifi¬ 
cantly  to  the  result. 

•  When  range  and  range  rate  data  were  used  to  simulate  ephemeris  prediction 
of  the  low-orbit  satellite  through  the  synchronous  satellite,  only  range  data 
contributed  significantly  to  the  result.** 

•  The  optimum  fitting  interval  for  the  low-orbit  satellite  is  6  to  7  revolutions. 

•  After  completion  of  fitting,  in-track  errors  build  up  approximately  linearly 
from  50  to  1000  m  in  about  10  hr. 

*At  the  time  this  report  was  written,  50-ft  range  errors  were  being  considered. 

Later  efforts  implemented  a  10-ft  ranging  scheme.  The  general  analysis  shown 
here  can  be  directly-  carried  over  to  the  latter  scheme. 

**These  conclusions  were  based  on  2  readings/min  for  both  range  and  range  rate. 

If  the  frequency  of  range  rate  readings  were  much  higher  than  the  frequency  of 
range  readings  (20  to  50  times  were  frequent),  range  rate  could  contribute  signifi¬ 
cantly;  however,  if  there  were  no  limitation  on  reading  frequency,  it  would  be  pre¬ 
ferable  to  increase  range  reading  frequency  instead  of  adding  range  rate. 
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Section  1 

in  ruoDuo  ru  >n 


A  satellite  is  usually  trucked  aver  only  a  small  portion  ol  its  orbit;  however,  knowl¬ 
edge  of  the  satellite's  position  and  velocity  between  observations  and  at  future  times 
is  usually  required.  Conventionally,  this  problem  of  interpolation  and  extrapolation 
is  solved  by  fitting  a  set  of  orbital  equations  of  motion  to  the  observed  data  points 
using  standard  weighted  least  squares  techniques.  Krrors  in  calculation  ol  this  orbit 
determination  will  re'sult  from  errors  in  the  tracking  data  and  mathematical  model. 

The  observed  data  will  have'  random  errors  and  will  usually  be  biased  due  to  a  variety 
ot  causes  such  as  equipment  calibration  and  alignment  errors.  The  tracking  station 
locations  and  station  time  may  be  imperfectly  known.  Moreover,  a  solution  to  the 
orbital  equations  of  motion  cannot  represent  reality  because  of  the  imperfect  knowl¬ 
edge  of  the  geophysical  model  of  the  earth,  such  as  the  earth’s  gravity  potential  and 
the  structure  of  its  atmosphere. 

In  this  report,  equations  are  derived  for  determining  the  effect  of  these  error  sources 
on  a  weighted  least  squares  fit  for  satellite  position.  Specific  application  of  these  equa¬ 
tions  to  the  Laser  Communication  Preliminary  Subsystem  design  is  then  discussed. 
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Section  2 

ERROR  ANALYSIS 

It  is  the  purpose  of  an  orbit  determination  program  to  give  an  estimate  X(t)  of  the 
satellite  ephemeris.  This  estimate  is  usually  obtained  by  means  of  a  weighted  least 
squares  fit  of  a  set  of  dynamic  equations  to  tracking  data.  In  general,  any  estimate 
X(t)  of  X(t)  will  be  in  error  by  an  unknown  amount  6X(t)  ,  with 

<5X(t)  =  X(t)  -  X(t) 

Error  sources  that  are  responsible  for  the  existence  of  6X  can  be  classified  roughly 
as  errors  in  tracking  equip  it,  lack  of  knowledge  of  geophysical  parameters,  and 
inaccuracies  in  the  equations  of  motion.  In  the  following  sections,  equations  are 
developed  which  describe  the  statistical  properties  of  6X  as  a  function  of  the  statis¬ 
tics  of  a  variety  of  error  sources. 

2.  1  THEORETICAL  AND  ACTUAL  OBSERVATIONS 

In  general,  the  state  vector  X(t)  cannot  be  observed  directly.  Rather,  quantities 
such  as  slant  range,  azimuth,  elevation,  and  Doppler  frequency  are  observable  with 
respect  to  a  given  coordinate  system  at  a  given  point  in  space  and  time.  One  is  thus 
led  to  define  an  observable  q  at  time  t.  as  a  function 

Tj  =  qfXlb),  t.) 

where  v  -  col  (u  ,  v^, .  . .  r  ),  a  vector  defining  the  initial  position  of  the  station , 
the  coordinate  frame,  and  the  motion  of  the  earth.  No  errors  have  yet  been  assumed 
to  exist.  That  is,  X(t)  is  the  true  state  vector  and  v  is  assumed  to  be  an  r-vector 
which  represents  reality.  The  fact  that  the  value  of  v  is  known  only  as  an  estimate 
will  be  considered  later  in  the  error  analysis. 
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It  is  assumed  that  differential  equations  til  motion  exist  which  are  known  and  solveil 
without  error.  The  solution  to  the  differential  equations  defines  the  theoretical  stall 
vector  X  X(A',  t).  The  p-vector  A'  -  col  (A^..,.  ,  A^)  consists  of  parami  tors  ol 
l lie  equations  of  motion  such  as  six  initial  conditions  of  the  satellite  at  some  spcciln  .1 
time  and  constant  parameters  defining  the  geophy sical  model  such  as  gravitational 
coefficients  or  the  atmospheric  density  model.  In  the  definition  of  X  X(A',  l),  the 
vector  A'  is  assumed  to  be  known  without  error. 

It  should  be  recognised  that  any  mathematical  model  that  is  assumed  to  represent 
satellite  motion  is  purely  deterministic.  In  reality  ,  however,  the  motion  o!  a  satel¬ 
lite  is  influenced  by  random,  unpredictable  forces,  such  as  meteorite  impacts, 
unpredictable  fluctuations  in  atmospheric  drag  or  radiation  pressure,  or  even  random 
venting  or  leaking  of  fuel.  It  is  assumed  that  X(t)  and  X(A',l)  are  related  by  the 
equation 

X(t)  =  X(A',t)  +  AX(t) 

Given  X  =  X(A’,t)  ,  one  can  now  define  a  theoretical  observable  by 

q.  -  q(X(A',  t.),  v,  tj) 

From  the  assumptions  given  previously  ,  it  follows  that 

q(X(tj),  e,  t.)  =  q(X(A>,  t.),  v,  t.)  + 

In  reality,  the  vectors  A1  and  e  are  not  known;  rather,  estimates  A1  and  are  known 
which  differ  from  the  true  values  by  small  residual  errors  AA'  =  A'  -  A'  , 

Ac  -  v  -  v  .  The  estimated  state  vector  X(t)  is  thus  given  by 

X(t)  -  X<A',  t) 

and  the  estimated  observable  q  follows  as 

‘Ij  =  q(X(A-,  t.),  I,  t.) 
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The  observed  value  of  q  ,  denoted  by  q  ,  is  that  quantity  actually  observed  and 
recorded  at  a  re. en  tracking  station,  q.  will  iliiler  from  the  estimate  q  because 
ol  data  biases ,  random  data  errors,  and  errors  in  the  vectors  A1  and  e.  That  is 


„  _  _  dq.  <iq. 

q  ,  qtXfA',  t),  «-,  t)  +  ,  AX'  -i  — 1  Ae  4  Aq^)  4  life)  (1) 

where  ~{i^)  and  Aq(t.)  are  the  random  data  errors  and  the  data  biases,  respectively. 

In  the  process  of  determining  an  orbit  from  tracking  data,  a  set  <>f  K  t  P  jiarameters 
(the  fitting  parameters  thus  comprise  the  K  vector  A)  is  selected  from  the  vector  A1 
and  fit  to  tiie  tracking  data  by  differentially  correcting  an  estimate  A  of  A  using  a 
weighted  least  squares  fit.  The  P-K  parameters  of  the  vector  A'  that  do  not  appear 
in  A  are  used  to  define  the  vector  A  ,  together  with  its  estimate  A.  The  second  term 
of  Eq.  (1)  can  be  expanded,  causing  Eq.  (1)  to  become 


„  dq.  dq.  _  eq. 

(ii  +  w  4  7“  ^  4  IT  +  4  ~<V 

dA 


Given  u  observations,  a  system  of  n  equations  is  defined  by  Eq.  (2).  This  system 
can  be  written  rather  compactly  alter  defining  the  following  matxices: 


q  =  (tj)  i  =  l...n  (q  =  observed  data) 

A  A  Jk 

q  =  (qs)  i  =  l...n  (q  -  estimated  data) 


eq  i 

««>  =  ISj 


1. .  ,n 
j.  . .  K 


where  A  are  the  fitting  parameters 


B  =  (B  ) 
ij 


3  A 


i  =  1.  ..n 
j  -  K+1...P 


where  A.  are  dynamic  parameters  that  affect  the  equations- of- motion  but  arc  not 
fitting  parameters 
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Al 

.  ti 

,  I* 

N 

(N  )  -- 

hi  >'i 

1  1  .  . 
j  -  i.. 

J 

Aq 

i  =  1, . 

.  n 

, 

(>u,)) 

i  -  i.. 

.  n 

Then 

q  tl  -t  QAA  ■*  BAA  +  N'An  +  Aq  a  t  ) 

2  .  2  STA  IIS  TIC  A  L  ASSl'M  PTIONS 

bi  general,  the  quantities  A  and  v  are  obtained  Irani  observations  subject  to  random 
errors;  lor  example,  the  error  in  station  latitude  obtained  from  survey  data  is  the 
result  of  random  observational  errors  and  biases.  Since  A  and  Jx  are  constant  vectors, 
tiie  errors  in  A  and  r  are  constant  in  time;  i.e.  ,  they  are  perfectly  correlated  in 
time.  Hence,  it  is  assumed  that  AA  and  A v  are  random  variables  with  zero  means 
and  known  covariance  matrices.  The  same  assumption  is  used  for  Aq  and  c  ;  more¬ 
over,  it  is  assumed  that  covariances  between  AA ,  An  ,  Aq  ,  and  c  are  all  zero. 

Under  these  assumptions,  we  define  as  follows: 

i  (12l)  =  W 

i  (AqAlq)  -  AD 

i  (ArAe1)  =  Ai( 

L  (aaaaS  -  ab 

2.  3  LEAST  SQUARES  EQUATIONS 

The  problem  of  estimating  an  orbit  reduces  to  the  obtaining  of  an  estimate  A  of  the 
parameter  vector  A  from  the  observations  q  ;  equivalently.,  one  may  obtain  an  estimate1 
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AX  of  AX.  In  practice,  the  technique  usually  employed  is  tlial  of  grouping  all  error 
terms  involving;  A\  ,  Ac,  Aq  .  and  t  so  that  Eq.  ill)  becomes 

q  •-  q  '  QA\  i  C 

The  vector  T  is  then  assumed  to  be  normally  distributed  with  zero  mean  and  with 

') 

diagonal  covariance  matrix  to  (data  weighted  as  a"  ,  with  no  correlation  between 
observations!.  Standard  techniques  for  minimizing  E  (q  -  qi"  lead  to 


AX  -  (Ql  w"’  q)  (J\  -  q, 


Equation  (4i  does  not  necessarily  represent  an  optimal  or  maximum  likelihood  estimate 
of  A,\  .  Moreover,  as  can  be  seen  from  Eq.  (3),  E  is  not  a  vector  of  independent 
errors,  so  that  the  covariance  matrix  of  2  cannot  be  diagonal.  In  practice,  Eq.  (4) 
is  taken  to  represent  no  more  than  a  weighted  least  squares  fit.  In  either  case,  it  is 
of  interest  to  compute  the  covariance  matrix  of  the  error  6X(t)  in  the  estimated  state 
vector  Xitl  ,  given  that  X(t)  was  obtained  from  a  least  squares  fit  with  diagonal 
weighting  matrix 

2.4  VARIANCE  EQUATIONS 

It  is  assumed  that  a  weighted  least  squares  fit  of  data  q  has  converged  to  a  residual 
AX  with 


«"  Q|  Q  w  (q  -  q) 


Inserting  q  -  q  from  Eq.  (3)  gives  the  following  residual  error  in  the  estimate  AX  : 


i  i  »  i  i 

-6X  =  AX  -  AX  -  (Q  cc  Q)  Q  of  (BAX  +  NAr  +  Aq  •»  e) 
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j|u>  on a nance  matrix  of  XX  is  jiiven  by 


,■.«  |,U)  it/..  lQ)  *  </-  ’IhAjjB*  -  NA2Nl  1  AjJu.  'q (</-•  1(i! 


Lot  X  X(t i  bo  llio  stuti*  vector  at  timo  t  It  follows  that 


X(t  >  X(.V  .1)  ■»  -XX (t i 


or 


X(t) 


X(t>  +  777  .XX  +  ^AX 

xx  ax 


AX  it) 


Thus, 


6Xu 1  -  X(t)  -  X(t)  «=  ^  AX  h  ;=A\  -*  AX(l» 

fix  ax 

it  wo  clof.no 

,  I  9V>  i  =  !  ..  1 

P(t)  -  (P4j<t>)  =  aXj  i  -  l  •  •  k 

R(t)  =  (Rij(t')  =  j  =  kh  l . p 


and  combine  Eqs.  (7)  and  (5),  we  obtain 
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iSX(ti 


|U(ti  -  P<ti(Ql„TlQ  )  glw  H  AX(t)  -  P<t)|l/w  V)  t/^Aq 

M<t  iNA  N^l*  (t  i  -  P(U(i/uT1q!  Q^'iNAr  -  .) 


The  covariance  matrix  of  oXd>  tints  becomes 


eowoXit  :  P(tll  4  M(t)NA  NTM '  (ti 

-*■  i R(t>  -  MtUBiA^lHtti  -  M (t ) B ! 1  •  £AX(t|  -  M(UAq:;AXU.  -  MUiAcj-' 


<>  ) 

where  M(tt  Pit)jQla.''lQ )  qL"1. 

Equation  tM  represents  the  basic  error  tinalysis  equation.  The  first  term  of  Eq.  <81 

gives  the  contribution  to  the  covariance  matrix  of  the  random  data  errors.  The  positive 

1  T 

diagonal  roots  of  P(t)!Q  u."*Q  P  (ti  are  the  standard  dev  iations  of  the  components 
of  the  state  vector  due  to  random  data  errors.  The  positive  diagonal  roots  of  the 
remaining  terms  give  the  standard  deviations  of  the  state  vector  due  to  other  groups  of 
error  sources. 

An  error  analysis  program  which  simulates  the  least  squares  fit  for  a  set  of  orbital 
parameters  and  generates  the  covariance  matrix  of  satellite  position  |  Eq.  (Ti)  has 
been  assembled  at  LMSC,  A  large  number  of  error  parameters  are  included,  and  a 
wide  range  of  satellite  tracking  systems  can  be  studied.  The  remainder  of  this  report 
will  discuss  a  specific  application  of  the  error  analysis  program  to  the  Laser  Commu¬ 
nication  Subsystem  design. 
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Seetiun  3 

Al’l’LU  ATloN  OF  KUKOK  ANALYSIS  TO  LASKK  C'OMMl'N  1C ATU )K  SYSTKM 


3.  1  Al'L’KO.Ull 


Tlu-  >iit  oii.v  orbit  determination  problem  considered  here  is  exclusiv t-l>  llio  two-link 
cas o  illustrated  below. 


A  ground  station  (A)  located  at  an  arbitrary  point  on  the  earth's  surface  is  in  commu¬ 
nication  with  a  synchronous  satellite  (B).  At  the  same  time,  the  ground  station  is  in 
communication  with  another  satellite  (C)  using  a  data  link  through  the  synchronous 
relay.  It  is  assumed  that  for  link  A-B  the  possible  observations  are  range,  range  rate 
a/imuth,  and  elevation.  For  the  combined  link  A-B-C,  the  possible  observations  are 
assumed  to  he  range  and  range  rate  (the  total  range  and  range  rate  from  the  ground 
station  to  C'i.  A  number  of  simulated  orbit  fits  were  performed  (using  the  computer 
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program  described  in  the  Summary)  to  evaluate  the  orbit  determination  accuracies, 
both  over  the  fitting  interval  and  predicted,  of  the  above  tracking  system.  Forces 
included  in  the  equations  of  satellite  motion  were  zonal  and  tesseral  harmonics  of  the 
earth's  gravitational  field,  lunar-solar  gravity,  radiation  pressure,  and  atmospheric 
drag.  Fitting  parameters  were  the  orbital  parameters  of  satellites  B  and  C. 

3.2  ERROR  SOURCES 


The  following  error  sources  were  considered: 

•  Random  data  errors 

•  Data  bias 

•  Station  clock 

•  Station  locations 

•  Radiation  pressure  model 

•  Atmospheric  drag  model 

•  Earth's  gravitation  model 


Random  Data  Errors.  The  following  random  data  errors  were  assumed  for  both  tracking 
links: 


Data  Bias. 


Link  A-B 

Link  A-B-C 

a  Azimuth  =  10  rad 

a  Range  =  50  ft 

a  Elevation  -  10  J  rad 

a  Range  Rate  =  0.3  ft/sec 

a  Range  =  50  ft 

cr  Range  Rate  =0.2  ft/sec 

The  following  data  bias  errors 

were  assumed  for  both  tracking 

Link  A-B 

Link  A-B-C 

-3 

o  Azimuth  =  10  rad 

a  Range  =  50  ft 

“  3 

a  Elevation  =  10  rad 

a  Range  Rate  =  0.2  ft/sec 

a  Range  =  50  ft 

cr  Range  Rate  =  0.  2  ft/ sec 
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Station  thick.  Tin'  error  m  the  station  clock  was  assumed  to  haw  a  standard  deviation 
of  l  0  sco. 


Station  Locations.  Tlu-  Pillowing  station  location  errors  were  assumed: 


() 

Latitude 

50  It 

o 

Longitude 

r,u  i  t 

u 

Height 

50  ft 

Radiation  Pressure  Mixlel.  It  was  assumed  that  the  standard  deviation  of  the  product 
of  tlu  solar  constant,  satellite  area  to  mass  ratio,  and  surface  reflectivity  was  1:7 
for  both  direct  and  reflected  radiation  pressure.  (This  is  equivalent  to  assuming  that 
tin*  radiation  ••ressuro  force  tuts  a  standard  deviation  of  15','.  ) 

Atmospheric  Drat;  Model.  When  satellite  C  is  in  a  low-altitude  orbit,  atmospheric 
density  model  errors  are  an  important  source  of  error  in  the  orbit  determination 
process.  A  dynamic  density  model  is  used  in  which  the  atmospheric  density  is  a  func¬ 
tion  of  the  solar  flux  and  variations  of  the  earth’s  magnetic  field.  The  density  varia¬ 
tions  with  geomagnetic  activity  are  of  primary  importance  for  the  short  data  spans 
isowral  days  or  losst  considered  in  this  study.  The  density  has  been  shown  to  be 
proportional  to  the  index  of  geomagnetic  activity  (K  or  A  )  and  to  lag  by  several 
hours  behind  changes  in  the  geomagnetic  indexes.  For  error  analysis  purposes,  a 
typical  geomagnetic  variation  was  assumed.  The  amplitude  arid  time  lag  of  this  varia¬ 
tion  were  then  assumed  to  have  a  standard  deviation  of  25'".  The  errors  in  the  density 
model  produce  errors  in  the  oquations-of-motion  that  are  only  partially  compensated 
for  by  fitting  the  ballistic  parameter  of  the  low-altitude  satellite. 

fourth's  Gravitation  Model.  Standard  deviations  for  the  earth's  gravitation  model  were 
based  on  the  latest  determinations  of  the  earth's  gravitational  field  from  the  combined 
use  of  satellite  data  and  surface  gravity  measurements.  The  standard  deviations  are 

<tu,'u  2  x  10  ‘  (gravitational  constant! 

—  H 

rrl^,  1  ■  10  (/,onul  harmonics) 

r-i3 
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3.3  RESULTS 


All  results  of  the  error  analysis  program  will  be  presented  in  the  orbital  coordinate 
system.  The  error  components  are  AR  (radial)  in  the  direction  of  the  satellite  radius 
vector,  AIT  pn-track)  in  the  direction  of  satellite  motion,  and  ACT  (cross-track)  per¬ 
pendicular  to  the  orbit  plane.  A  rigorous  definition  of  this  coordinate  system  in  terms 
of  unit  vectors  is 


“R 


R 

|H| 


"CT 


R  x  V 

Tr  v  v7 


"IT 


eCT  X  CR 
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Section  I 

SYNCHRONOUS  RELAY  AN!)  LOW-AI.TITl  1)K  USER 


Kitting,  parameters  arc  tlu‘  inertial  position  anil  velm-itv  of  both  satellites  at  smiu'  epoch 
and  tlio  ballistic  parameter  of  tho  low-altitude  (200-nmi  perigee  height)  user.  It  was 
found  that  the  angles  and  range-rate  data  for  link  A-ll  ;ui<i  the  range-rate  data  for  link 
A-R-C  did  not  eonlt  Unite  significantly  to  the  fit.  Only  the  range  data  were  used  in  the 
results  presented  below. 

The  first  problem  investigated  was  the  time  span  of  data  to  be  fit.  The  sketeh  below 
illustrates  the  reduction  in  the  in-truck  error  as  more  data  are  included  in  the  orbit 
fit.  The  optimum  fitting  interval  is  approximately  7  revolutions.  Fitting  more  data 
will  cause  the  errors  to  increase  again,  mainly  because  of  a  buildup  of  air  drag  and 
radiation  pressure  errors. 


1  2  3  4  5  6  7 

REVOLUTIONS 
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In  the  results  that  follow,  a  7-revolution  fitting  interval  was  used.  It  was  assumed  that 
data  points  were  proeessed  at  the  rate  of  1  point  every  2  min.  This  primarily  affects 
the  contribution  of  random  data  errors,  and  the  use  of  more  observations  would  have  had 
little  effect  on  the  final  results.  The  errors  were  extrapolated  beyond  the  fitting  inter- 
v;d  to  provide  an  estimate  of  real-time  prediction  accuracy.  Only  results  for  the  last 
revolution  of  the  fitting  interval  are  given  because  they  are  representative  of  the  error 
pattern  over  the  entire  fitting  interval. 

The  total  la  extrapolation  error  for  a  200-nmi  orbit  is  shown  in  the  graph  below.  It  is 
seen  that  the  error  grows  secularly  during  the  extrapolation  interval,  due  primarily  to 
an  error  in  the  fitted  period  and  errors  in  the  atmospheric  drag  model.  The  drag  errors, 
range  errors, and  gravity  model  errors  are  the  primary  sources  of  error  in  the  orbit  of 
the  low-altitude  user.  The  standard  deviations  and  biases  assumed  for  the  range  data 
cause  these  error  sources  to  have  an  effect  of  the  same  order  of  magnitude  as  the  other 
error  sources. 


TIME  (sec  X  103) 
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One- sigma  crrurs  m  the  relay  satellite  orbit  over  the  filling  interval  :iit  listed  below. 

In  Alt  -  88  ft 

Ur  ah'  u;r>  ft 

Ur  Al  l  1  7(1(1  f( 

Tile  relay  errors  are  primarily  due  to  the  slant  range  data  biases.  It  would  probably 
l*o  desirable  to  fit  lor  these  data  biases  in  the  orbit  determination  program  in  order 
to  reduce  the  relay  errors  ;uid  the  cross-track  error  of  the  low-altitude  sate  llite. 

For  fitting  two  relay  orbits,  the  low-altitude  satellite  (C)  was  replaced  by  a  synchronous 
satellite  having  zero  eeeentrioity ,  a  longitude  of  120®  K  of  the  first  relay,  and  an  inclina¬ 
tion  of  2° .  The  second  relay  cross-track  and  in-track  errors  stabilize  after  approxi¬ 
mately  2  days  of  data  are  included  in  the  fit,  at  which  time  the  cross-track  error  is 
2280  ft  and  the  in-track  error  is  1070  ft.  The  errors  due  to  random  data  errors  are 
quite  large,  especially  cross-track,  where  they  are  the  dominant  error.  This  indicates 
ill- conditioning  of  the  normal  equation,  which  is  not  surprising  when  one  considers  that 
the  data  are  nearly  constant  and  that  small  changes  in  the  orbit  inclinations  do  not  pro¬ 
duce  significant  changes  in  the  data.  The  range  rate  observations  for  both  data  links 
and  the  angle  data  for  link  A-Q  did  not  contribute  significantly  to  the  orbit  determina¬ 
tion  process.  The  results  presented  arc  based  on  only  the  range  data  from  both  links. 

As  the  inclination  of  the  second  relay  approaches  zero,  the  normal  equation  ill- 
conditioning  gets  worse  and  the  cross-track  errors  increase  significantly.  Fitting 
(he  second  relay  in  combination  with  a  low-altitude  user  may  be  necessary  to  alleviate 
the  ill -conditioning  of  the  normal  equation. 
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Section  r> 

CONCLUSIONS 

Range  data  from  links  A-B  arul  A-ll-C  only  is  sufficient  to  provide1  an  accurate  orbit 
determination  capability  for  the  Laser  Communication  Satellite  Program.  If  random 
data  ;uid  bias  errors  are  held  within  the  limits  listed  above,  their  contribution  to 
orbital  inaccuracies  will  be  no  greater  than  other  significant  error  sources  (geo¬ 
potential,  drag,  etc.). 
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1  IN  TUODUCTION 

The  function  of  the  acquisition  and  tracking  subsystem  is  to  close  the  pointing  link 
between  any  two  terminals  so  that  commun  cation  is  possible  in  troth  directions.  A 
number  of  fundamental  steps  must  be  taken  for  the  communication  links  to  be  established. 
Prior  to  any  optical  communication,  each  package  is  provided  with  ephemerides,  vehicle 
attitude,  vehicle  angular  rates,  precision  clock  time,  and  u  command  (programed  or 
transmitted)  advising  which  other  vehicle  is  to  be  acquired  at  what  time.  With  this 
information  at  hand,  the  following  basic  steps  are  performed  by  each  package: 

(1)  Computes  the  pointing  direction  toward  the  other  vehicle  and  points  toward 
it,  open  loop 

(2)  Transmits  a  beacon  signal  toward  the  other  in  a  prearranged  sequencc- 

(3)  Identifies  the  received  signal  and  points  toward  it  more  accurately 

(4)  Transmits  a  narrow  beam  and  tracks  the  received  beam  accurately 

(5)  Maintains  pointing  of  its  transmitter  with  sufficient  accuracy  to  maintain 
reliable  communication 

Two  important  system  constraints  are  the  conditions  under  which  this  function  must 
bo  performed  and  the  maximum  time  permitted  to  accomplish  the  function.  These 
constraints  have  been  treated  as  system  requirements  and  are  treated  here  for  a 
baseline  operational  data  relay  subsystem. 

For  the  operational  system,  mission  users  include  aircraft,  low-orbiting  satellites, 
and  synchronous  satellites.  These  units  relay  their  data  through  an  equatorial 
synchronous  satellite  lo  either  a  ground  or  aircraft  terminal.  Each  high-data-ratc 
sending  terminal  uses  a  Package  A,  whose  signal  is  received  by  a  Package  B  on  the 
receiving  terminal.  Each  Package  B  contains  a  beacon  that  performs  two  functions: 

(1)  transmitting  an  acquisition  and  tracking  signal  to  Package  A,  and  (2)  carrying  low- 
dale-rate  transmission  to  Package  A  (including  ranging  data). 

The  acquisition  and  tracking  function  occurs  at  both  ends  of  each  link.  Initial  acquisition 
is  always  performed  by  the  Package  A  terminal  acquiring  the  beacon  from  Package  B. 
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The  overall  acquisition  anil  tracking  function  between  any  two  terminals  is  divided  into 
the  following  phases  ; 


Phase  I  — 


Phase  II  — 

Phase  in  — 


Phase  IV'  — 


Phase  V  — 


Initial  acquisition  of  B  by  A  occurs  at  the  end  of  this  phase. 

A  then  improves  pointing  and  sends  signal  toward  R. 
Acquisition  of  A  by  B  occurs  at  the  end  ot  this  phase.  B  then 
improves  pointing  and  increases  its  effective  power  toward  A. 
Fine-pointing  of  A  toward  B  occurs  at  the  end  of  this  phase. 

A  sends  its  narrowest  beam  toward  B. 

Fine-pointing  of  B  toward  A  occurs  in  this  phase.  B  sends  its 
narrowest  beam  toward  A  at  the  end  of  this  phase  if  that  has 
not  been  accomplished  in  Phase  n . 

Closed-loop  tracking  occurs  in  this  phase.  Final  adjustment 
of  A  and  B  tracking  takes  place  before  communication  begins. 


The  designation  of  the  links  to  be  closed  is  performed  in  terms  of  Phase  I,  the  initial 
acquisition.  The  link  closures  that  must  be  performed  are  given  in  Table  1.  The 
operational  acquisition  and  tracking  requirements  for  each  of  these  links  differ  and 
are  treated  separately.  In  each  case  certain  requirements  are  given  for  the  permis¬ 
sible  acquisition  and  tracking  time  before  communication  can  begin. 

Table  1 

ACQUISITION  LINKS 


Initial  Acquisition  Receiver 
Package  A 

Beacon  Direction 

Acquisition  Beacon 
Package  B 

Aircraft  User 

^ - 

Synchronous  Satellite 

Low-Orbit  Satellite 

- 

Synchronous  Satellite 

Synchronous  Satellite 

- 

Synchronous  Satellite 

Synchronous  Satellite 

- 

Aircraft  Terminal 

Synchronous  Satellite 

- 

Ground  Terminal 

Ground  Terminal 

Synchronous  Satellite 
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2  ACQUISITION  AND  TRACKING  T LM E  CONSTRAINTS 


The  acquisition  and  tracking  time  is  defined  as  the  total  time  required  to  perform  all 
phases.  This  starts  when  an  initial  command  to  begin  the  acquisition  sequence  is 
received  or  is  initiated  by  an  onboard  computer.  Thus,  it  is  the  time  between  the 
start  of  initial  orientation  of  the  packages  toward  each  other  until  the  high-data-rate 
communication  can  begin.  The  total  acquisition  and  tracking  time,  in  practice,  is  a 
random  variable  whose  variation  depends  on  the  system  noise  and  operating  conditions. 
Thus,  the  requirements,  to  be  exact,  must  specify  an  acquisition  time  with  some 
cumulative  probability  —  for  example,  a  time  such  that  99!l  of  all  acquisitions  will 
occur-  in  less  than  Tygl  and  99. 99'i  in  less  than  Tg 

The  mission  constraints  set  the  appropriate  acquisition  time  requirements.  These 

requirements  depend  on  the  effect  of  a  longer  acquisition  time  on  successful  mission 

performance.  For  example,  if  a  user  satellite  is  tracking  enemy  missiles  that  can 

perform  evasive  maneuvers  during  the  period  when  communications  are  in  operation, 

there  must  be  continuous  data  flow  and  duplicate  systems  must  be  operating  so  that 

acquisition  time  will  have  no  effect.  However,  even  in  this  extreme  case  the  mission 

—6 

reliability  may  be  considered  as  sufficient  if  the  probability  is  less  than  10  that  the 
acquisition  time  will  be  longer  than  a  few  minutes,  and  is  less  than  10  *  that  it  will 
be  more  than  20  sec.  This  would  mean  that  one  acquisition  in  10,000  would  take  more 
than  20  sec,  one  in  a  million  would  take  more  than  several  minutes.  In  the  absence  of 
a  specific  mission  to  analyze,  postulates  such  as  these  appear  rational.  For  surveillance 
missions,  the  2C-sec  time  may  more  reasonably  be  chosen  at  the  la  level,  if  the  sys¬ 
tem  can  be  designed  so  the  overall  time  is  more  than  40  sec  with  a  probability  of  0.01". 

2.  1  OPERATIONAL  LINK  REQUIREMENTS 

The  operational  links  shown  in  Table  1  are  considered  separately,  for  each  has  unique 
constraints  on  the  acquisition-time  requirements  and  the  conditions  under  which 
closing  must  occur. 
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2  11  A  lie  l' ;Ut  User  Closing  With  Synchronous  Relay  Satellite 

A  high-flying  aircrall  collecting  high-rate  data  is  assumed  to  relay  these  data  via  a 
synchronous  relay  satellite.  In  this  ease,  the  aircraft  user  can  establish  the  link 
some  time  in  advance  ol’  its  data- collecting  operation,  so  that  an  acquisition  lime  ol 
several  minutes  is  not  likely  to  be  excessive.  On  the  other  hand,  if  the  aircraft  user 
is  moving  to  a  location  where  it  must  switch  between  synchronous  relay  satellites,  a 
20-sec  switching  time  with  1)9'"  probability  will  be  desirable.  However,  the  aircraft 
user  presumably  can  select  the  time  the  switch  will  be  accomplished  to  effect  the  most 
desirable  or  least  unfavorable  conditions  for  a  shorL  acquisition  time. 

The  aircraft  user's  acquisition  receiver  views  the  synchronous  satellite  with  a  background 

that  may  be  cither  the  sun,  the  moon,  scattered  sunlight,  or  starlight.  The  starting 

time  will  he  selected  to  avoid  both  the  sun  and  the  moon.  This  can  be  done  easily  since 

the  earth's  rotation  moves  the  apparent  angular  position  of  the  sun  and  moon  0.25c/min 

Each  subtends  0.5°  ;  in  2  min  they  will  move  off  the  acquisition  line.  Even  with  a  1° 

field  of  view,  in  C>  min  these  bodies  will  be  out  of  the  field  of  view.  Furthermore,  the 

-4 

probability  that  the  sun  or  moon  is  in  the  field  of  view  at  all  is  only  about  10  ,  as 

calculated  in  Appendix  O.  Thus,  the  background  that  is  significant  to  the  aircraft  user 
is  sky-scattered  sunlight  within  a  few  degrees  of  the  sun. 

The  attitude  and  position  uncertainty  of  such  an  aircraft  user  is  not  specified  in  the 
guidelines.  However,  any  user  collecting  high-rate  data  is  likely  to  have  aboard 
guidance  equipment  that  will  determine  its  position  within  1  mile  and  its  attitude  to 
—  0 .  1° .  Because  of  possible  structural  bending  between  the  attitude  sensors  and  the 
communication  subsystem,  an  uncertainty  in  subsystem  attitude  of  ±0.2°  is  chosen  as 
the  guideline,  although  this  value  can  be  improved  if  the  subsystem  design  calculations 
show  it  to  be  necessary. 

2.1.2  Low-Orbit  Satellite  Closing  With  Synchronous  Satellite 

The  low-orbit  satellite  user  may  acquire  the  synchronous  satellite  relay  as  it  rises 
over  the  earth's  horizon.  If  the  low-orbit  satellite  already  is  communicating  with  one 
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relay  and  must  switch  to  the  next  relay,  mission  considerations  indicate  that  the 
switching  time  must  be  kept  as  short  as  feasible.  The  selected  guideline  is  a  require 
ment  for  less  than  lit)  sec  of  the  total  acquisition  time  lor  ‘Jib",  ol  the  acquisitions, 
and  -10  see  or  less  for  99.  tithe  of  acquisitions. 

It  is  shown  in  Appendix  O  that  the  probability  of  the  sun  or  moon  being  in  Lhe  baek- 

_4 

ground  tor  a  l'  field  of  view  of  the  low-orbit  satellite  is  also  about  10  .  When 

either  one  is  in  the  field  of  view,  the  low-orbit  satellite  can  delay  switching  relays  lor 
G  min  until  these  background  sources  move  from  the  field  of  view.  If  switching  is  not 
occurring,  but  only  one  relay  is  being  acquired,  the  low-orbit  satellite  selects  the 
starting  time  to  avoid  these  background  sources.  Thus,  the  only  significant  background 
source  for  the  low-orbit  satellite  receiver  during  acquisition  is  starlight.  Noise  from 
cathode  dark  current  is  more  significant  than  appropriately  filtered  background  light. 

The  attitude  and  position  uncertainty  of  the  low-orbit  satellite  is  postulated  to  be 
±0.5®  and  10  miles  cross-track  after  the  initial  burn  before  any  tracking  has  been 
performed.  The  attitude  uncertainty  is  based  on  very  simple  horizon  and  sun  sensors, 
and  in  any  operational  system  a  user  satellite  collecting  high-rate  data  is  expected  to 
have  information  more  precise  by  an  order  of  magnitude.  However,  to  avoid  undue 
constraints  on  the  user  satellite,  ±0.5®  uncertainty  has  been  selected  as  a  guideline. 
Only  the  cross-track  position  uncertainty  is  of  importance  for  initial  acquisition  at 
the  horizon  after  one  orbit.  Booster  inertial  guidance  and  burn  controls  will  prevent 
cross-track  uncertainty  from  exceeding  10  miles.  With  respect  to  pointing  to  a 
synchronous  satellite,  this  uncertainty  corresponds  to  less  than  a  0.03®  and  thus  is 
negligible  compared  with  the  attitude  uncertainty. 

2. 1.3  Synchronous  Satellite  Closing  With  Synchronous  Satellite 

The  acquisition  time  for  the  synchronous  satellite  user  or  relay  is  significant  only 
when  switching  between  relays  occurs.  Otherwise,  since  the  relays  are  in  place  for 
a  long  time,  as  much  as  several  hours  could  be  used  for  acquisition.  However,  the 
subsystem  is  designed  so  the  switching  acquisition  time  will  take  place  in  20  sec  or 
less  99%  of  tho  time.  Almost  surely,  the  moment  of  switching  can  be  selected  to 
avoid  both  sun  and  moon  background. 
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Appendix  O  shows  that  the  probability  of  having  the  sun  or  moon  in  the  background  is 
-4 

less  than  Ld  ,  and  they  move  out  of  the  background  in  :t.(j  min  if  the  satellite  licit! 
of  view  is  ^0.2°  .  Thus,  even  on  a  random  basis,  a  system  that  cannot  acquire  with 
these  backgrounds  can  still  meet  the  requirement  of  40  sec  1)9.99  ol  the  time  if  it 
can  acquire  against  star  backgrounds.  Thus,  the  background  present  during  acquisition 
will  be  assumed  to  be  starlight  plus  any  cathode  dark  current  present. 

The  attitude  uncertainty  of  the  synchronous  satellite  is  given  in  the  guidelines  us  :  u  .  2  . 
Although  it  is  possible  to  improve  this  value  by  an  order  of  magnitude  with  improved 
horizon  and  sun  sensors,  the  system  will  be  designed  for  an  uncertainty  of  *  0.2‘  lo 
avoid  increasing  hardware  requirements  in  addition  to  the  laser  communication  sub¬ 
system  . 

2.1.4  Synchronous  Satellite  Closing  With  Aircraft  Terminal 

In  this  case,  the  aircraft  terminal  presumably  has  very  accurate  attitude  knowledge 
as  well  as  knowledge  of  the  location  of  the  synchronous  satellite.  The  synchronous 
satellite  receives  a  high-power  beacon  from  the  aircraft  terminal.  The  acquisition 
time  is  not  critical,  since  the  aircraft  cannot  pass  quickly  from  the  view  of  one  satel¬ 
lite  to  that  of  another. 

This  situation  is  unique  in  that  a  more  powerful  beacon  is  used  at  the  aircraft  terminal 
because  ample  prime  power  is  available.  However,  the  synchronous  satellite's 
Package  A  receiver  is  the  same  one  that  at  other  times  acquires  another  synchronous 
satellite.  Therefore,  the  requirement  is  placed  on  the  system  that  the  same  acquisition 
technique  be  used  for  each  link  so  that  a  single  space-hardware  package  is  sufficient. 

When  the  synchronous  satellite  acquisition  receiver  views  the  aircraft  terminal,  it  is 
faced  with  a  background  that  may  consist  of  sunglint  off  the  ocean,  sunlight  reflected 
from  clouds,  or  earth  albedo.  The  sunglint  is  especially  severe  in  the  unusual  case  of 
glancing  incidence  of  sunlight  off  quiet  water,  a  situation  that  the  aircraft  terminal  can 
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avoid  during  acquisition  by  choosing  an  appropriate  loeation  or  wailing  until  the  condi- 
lion  passes  Therefore,  the  worst  background  condition  occurring  significantly  often 
is  assumed  to  be  sunlit  clouds  filling  the  receiver  field  of  view  ot  <).  -1° 

The  attitude  uncertainty  of  the  beacon  transmitter  on  the  aircraft  terminal  is  not  given 
in  the  guidelines.  To  calculate  the  acquisition,  it  is  necessary  to  assume  the  altitude 
knowledge  available  to  the  aircraft  terminal.  Preliminary  design  analysis  assumed 
tO  1‘  for  knowledge  of  the  aircraft  attitude  as  the  baseline;  variations  from  the  baseline 
are  discussed. 


2.  1. 5  Synchronous  Satellite  Closing  With  Ground  Terminal 

The  considerations  in  this  case  are  very  much  like  those  for  the  aircraft  terminal. 

The  ground  terminal  telescope  has  very  precise  pointing,  with  the  uncertainty  ly  ing 
primarily  with  the  ephemeris  of  the  synchronous  satellite.  If  rf  links  are  in  operation 
to  the  synchronous  satellite,  its  position  can  be  determined  very  accurately  before 
laser  communication  begins,  with  negligible  angular  uncertainty  for  beacon  pointing. 
Otherwise,  several  miles  of  in-track  uncertainty  may  exist  when  laser  communication 
is  first  attempted,  resulting  in  an  angular  uncertainty  of  about  a0.02c.  The  acquisi¬ 
tion  time  with  ±0.  02°  uncertainty  of  the  ground  beacon  pointing  is  determined. 

Table  2  summarizes  these  system  requirements  on  the  acquisition  and  tracking  links. 
A  review  of  this  table  shows  that,  in  terms  of  range  and  required  acquisition  time,  the 
synchronous -to-synchronous  relay  link  is  most  difficult.  Next  in  difficutly,  because 
of  the  background,  is  the  aircraft-user  link  that  must  close  in  20  sec  Finally,  the 
aircraft  terminal  link  mayr  be  difficult  because  of  the  high  background,  even  though 
the  permitted  acquisition  time  may  be  long. 

For  the  acquisition  and  tracking  subsystem  design,  each  of  these  critical  factors  has 
been  examined  separately  to  find  a  system  that  will  satisfy  all  of  the  requirements 
with  the  least  cost  and  risk. 
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3.  GUIDELINES  AND  CONSTRAINTS  FROM  WORK  STATEMENT 

For  completeness,  the  guidelines  and  constraints  giver,  in  the  Contract  Statement  of 
Work  that  particularly  affect  the  acquisition  and  tracking  design  are  briefly  tabulated 
below. 


Package 

A 


Package 

B 


Maximum  Weight  (lb) 

Volume  Without  Antenna  (ft'1) 
Antenna  Maximum  Diameter  (ft) 
Power  (W) 

Design  Life  (yr) 

Minimum  Life  (yr) 

Acquisition  Time  (sec) 

Pointing  Optimization  Time 
Beamwidth  (arcsec) 

Pointing  Accuracy 
Maximum  Tracking  Rate 
Maximum  Poim-Ahead 
Synchronous  Satellite  Uncertainty 
Low-Orhit  Satellite  Uncertainty 
Environmental  Characteristics 


1  to  2 


1  to  2 


±  l/10th  Beamwidth 
~  1300  grad/sec 
70  prad 
±0.2°  3cr 
±0.5°  3cr 

Operate  in  ground,  air¬ 
craft,  and  space  environ¬ 
ment;  withstand  Titan 
IIIC  launch  environment; 
compatible  with  MIL-STD- 
46  LA  and  space  radiation 
environment  of  SAMSO 
Exhibit  69-13 


3.  1  SPECIFIC  OPERATIONAL  CONDITIONS 

Many  operational  conditions  are  implicit  in  the  previously  discussed  constraints,  even 
though  not  specifically  referenced.  These  requirements  and  limits  are  summarized 
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in  this  section  to  provide  a  background  lor  the  discussions  and  analyses  that  loliuw. 
Factors  that  arc  implied  include;  orbit  parameters,  system  coverage,  initial  pointing 
uncertainties,  attitude,  i  jihermeris,  attitude  rates,  gimbal  rates,  Dopjiler  ellecl ,  anti 
point- ahead  angle. 

3.2  OKU  IT  PARAMETERS 

Orbit  conditions  tor  the  synchronous  relay  satellite  and  two  typical  orbits  lor  the  low- 
orbit  user  satellite  are  shown  in  Table  3. 

Table  3 

ORBIT  PARAMETERS 

(Earth  Radius,  3,444  nm;  Earth  Rotation  Rate,  15° /hr) 


Parameter 

Package  A 

Package  B 

Type  of  Orbit 

Circular 

Eccentric 

Synchronous  equatorial 

Perigee/Apogee  Attitude  (nm) 

100/100 

100/1,000 

19,351/19,351 

Eccentricity 

0 

0.1128 

0 

Inclination  (deg) 

0  to  115 

0  to  115 

10 

Inertial  Velocity  (ft/sec) 

25,580 

28,  600  at  perigee 

10,078 

Period 

88 . 2  min 

105 . 5  min 

24  hr 

3.3  ANGULAR  COVERAGE 

The  angular  coverage  required  at  each  relay  terminal  and  user  relative  to  all  other 
elements  of  the  laser  communication  system  is  shown  in  Table  4.  The  coverage  is 
described  in  terms  of  commonly  used  local  coordinate  frames.  The  reflection  of 
this  coverage  or  the  angular  range  of  gimbals  is  shown  in  Figs.  1  and  2. 

3.4  SATELLITE  POINTING  UNCERTAINTIES 

The  pointing  uncertainties  of  user  and  relay  satellites  are  dependent  upon  the  knowl¬ 
edge  of  their  own  attitude  and  position  in  space  as  well  as  the  position  of  their  target. 
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This  dependence  was  discussed  generally  in  section  2.  1;  a  more  detailed  analysis  is 
presented  here.  The  estimated  accuracy  of  this  knowledge  is  shown  in  Table  fi.  The 
initial  3tr  attitude  uncertainty,  the  reduced  uncertainty  alter  bias  removal,  and  the 
uncertainty  in  the  attitude  change  over  an  interval  of  time  contribute  directly  to  point¬ 
ing  uncertainties.  The  contribution  ol  the  ephemeris  errors  or  uncertainties  ol  both 
seeking  and  target  vehicles  is  dependent  upon  the  relative  distance  between  tlu-m. 

These  ephemeris  errors  are  shown  to  make  only  small  contributions  to  the  total  initial 
pointing  errors. 

The  largest  source  of  error,  except  for  attitude  uncertainties,  is  the  predicted  ephem¬ 
eris  of  the  low-altitude  satellite.  This  prediction  is  a  function  of  the  quality  and 
quantity  of  the  tracking  performed  and  the  length  of  time  ahead  the  ephemeris  must  be 
predicted.  Assuming  that  the  Satellite  Control  Facility  (SCF)  tracking  network  is  used 
to  establish  the  orbital  characteristics  of  the  satellite,  the  ephemeris  ol  a  satellite  in 
an  orbit  near  100  nm  over  the  tracking  interval  can  be  determined  to  an  in-track 
accuracy  of  approximately  1000  ft  (Ref.  1).  The  accuracy  in  the  knowledge  of  ephem¬ 
eris  deteriorates  rapidly  as  it  is  predicted  farther  into  the  future  due  to  the  unpredic¬ 
table  nature  of  the  fluctuations  in  the  atmospheric  density.  The  ephemeris  error  for 
a  6-hr  or  approximately  4-revolution  prediction  using  a  ground  computer  complex 
grow's  to  approximately  10,000  ft,  or  1.65  nm,  as  shown  in  Fig.  3.  The  rapidity  with 
which  the  ephemeris  uncertainty  is  growing  after  a  6-hr  prediction  indicates  that  a 
prediction  significantly  beyond  that  time  will  produce  large  uncertainties. 

The  position  of  the  synchronous  satellite  is  known  to  an  extremely  high  degree  of 
accuracy,  as  it  can  be  tracked  continuously  from  a  ground  tracking  station  and  its 
motion  in  a  rotating-earth,  fixed-coordinate  frame  can  be  predicted.  Use  of  an 
earth-to-inertial  transformation  will  result  in  an  accurate  synchronous  satellite 
position  prediction. 

The  analysis  presented  under  Task  9  shows  that  the  utilization  of  angle,  range,  and 
range  rate  tracking  data  results  in  1  cr  position  errors  of  88  ft  in  range,  165  ft  in  the 
cross-track  direction,  and  1760  ft  in  the  in-track  direction,  assuming  the  presence 
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Table  fj 

INITLXL  POINTING  UNCERTAINTIES  OF  SATKLLITES(u) 


Parameter 

LOS 

SS 

SS  I 

llespun  i 

Attitude  Uncertainty 

Knowledge  of  Attitude  (Her),  Two-Axis 
Liuo-ot -Sight  Error  (deg) 

a  0 . 5 

10.2 

iO.Z 

Improved  Attitude  Uncertainty 

Estimated  Knowledge  of  Attitude  After 
llias  Removal  — After  First  Acquisition 
(deg) 

•  Roil 

0.15 

0.05 

0.06 

•  Pitch 

0.15 

0.05 

0.06 

•  Yaw 

0.15 

0.2 

0.2 

Estimated  Knowledge  of  Change  in  Atti¬ 
tude  Over  a  10-sec  Period  (aremin) 

•  Roll 

1 

1 

1.5 

•  Pitch 

1 

■SSl 

2.0 

•  Yaw 

1 

pSISI 

2.0 

Ephemeris  Effects 


Own  Ephemeris  Error  (ft) 

10,000 

1,760 

1,760 

Effect  on  Pointing  (deg) fa) 

0.0049 

0.0009 

0.0009 

Target  Ephemeris  Error  (It) 

1,760 

1,000 

1,000 

Effect  on  Pointing  (deg)^ 

0.0009 

0.0005 

_ 

0  0005 

(a)  Negligible  subsystem  factors,  which  are  small. 

(b)  Negligible  in  widebeam  or  wide-FOV  cases. 
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IN-TRACK  EPHEMERIS  ERROR  (ft) 


LMSC-  BH'.hkJihi  IU 


TIME  (hr) 


Fig.  3  Ephemeris  Accuracy 
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of  50- (l  range  bias  and  random  range*  rati*  errors.  Such  an  error  is  equivalent  to  an 
angular  uncertainty  ol  3  1  arc  see  from  the  earth  or  Low-orbit  satellite. 

d.a  SATE ELITE  ATTITUDE  RATES 

11k*  magnitudes  ot  the  nutation  rates  in  the  scanning  transmitter  of  a  despun  synchro¬ 
nous  satellite  and  the  attitude  control  system  limit-cycle  rates  lor  the  actively  con¬ 
trolled  low-orbit  user  and  stabilized  synchronous  relay  satellites  are  shown  in 
Table  6.  The  much  higher  nutation  rate  (4000  prad/sec)  expected  for  a  despun  satel¬ 
lite  is  one  of  the  many  reasons  that  this  type  of  satellite  stabilization  method  is  not 
recommended  for  the  SDKS.  Other  reasons  are  given  in  Appendix  Q.  For  three -ax  is 
stabilized  satellites,  considerably  lower  rates  are  usually  expected  (Table  6).  The 
20-prnd/see  attitude  change  rates  of  the  stabilized  synchronous  satellite  were  deter¬ 
mined  from  LMSC  experience  with  well-stabilized  spacecraft  during  quiescent  periods. 
When  thrusters  are  fired  during  stationkeeping  rates,  up  to  2000  prad/sec  can  be 
reached.  Tracking  can  continue  when  thrusters  are  firing,  but  it  may  be  advisable  to 
perform  acquisition  when  they  are  not  firing. 

The  rates  for  the  LOS  are  for  a  relatively  poorly  stabilized  Agena  spacecraft.  Much 
lower  rates  have  been  achieved  on  some  Agena  missions,  but  the  SDRS  is  designed  to 
handle  the  worst  case. 

3.6  MAXIMUM  SATELLITE  GIMBAL  RATES 

The  maximum  gimbal  rate  that  will  be  required  on  the  low-orbit  satellite  (LOS)  when 
stationkeeping  is  not  taking  place  is  1940  prad/sec  on  the  pitch  axis  and  1290  prad/sec 
on  the  roll  axis.  These  rates  could  be  encountered  at  the  same  time  in  the  worst-case 
condition.  This  condition  occurs  during  a  perigee  passage  .  the  LOS,  which  is 
assumed  to  be  in  a  100/1000-nmi  eccentric  polar  orbit  whose  perigee  is  located  directly 
below  the  synchronous  equatorial  satellite.  A  25°  retrograde  orbit  for  the  LOS  adds  up 
to  32  prad/sec  on  the  pitch  axis  and  68  prad/sec  for  roll.  Slightly  inclined  synchronous 
satellite  orbits  have  effects  more  than  an  order  of  magnitude  smaller  and  thus  are 
negligible. 
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Table  0 


SATELLITE  VEHICLE  ATTITUDE  ANGULAR  MOTION 


Limit  —  Cycle , 

3 -Axis  Stabilized 

Nutating, 
Dospun  SS 

_ _ 1 

LOS 

ss 

Limit  Cycle  | 

Amplitude  (prad) 

ft  Roll 

3,500 

1,750 

000 

ft  Pitch 

3,500 

- 

20 

•  Yaw 

3,500 

1,750 

600 

Rates^  (prad/sec) 

•  Roll 

1,200 

20 

4,000 

•  Pitch 

360 

20 

20 

•  Yaw 

360 

20 

4,000 

Gimbal  Rates^  (prad/sec) 

•  Roll 

l,290(c) 

270 

4,250 

»  Pitch 

1,940(C) 

110 

110 

•  Yaw 

360 

- 

- 

Maximum  Acceleration 

2 

-  During  Thruster  Firing  (ptrad/sec  ) 

5,000 

250 

_  .  . 

(a)  During  stationkeeping,  the  three-axis  stabilized  satellite's  rates 
increase  up  to  2,000  prad/sec  maximum. 

(b)  During  stationkeeping,  the  three-axis  stabilized  satellite's  gimbal 
rates  increase  by  the  increase  in  their  attitude  rates. 

(c)  Slightly  more  lor  a  retrograde  orbit,  as  noted  on  page  V-17. 
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The  pitch  ginibal  rate  under  worst-case  conditions  is  composed  of  the  angular  rate  ol 
the  LOS  in  its  orbit  (1330  prad/sec),  the  angular  rate  due  to  the  LOS  rising  out  ol  the 
plane  of  the  synchronous  (250  prad/sec) ,  and  the  pitch  rate  ol  the  LOS  attitude-control 
system  limit  cycle  (3G0  prad/sec),  lor  a  total  of  about  11340  prad/sec.  The  roll  gimbal 
rate  is  composed  of  the  synchronous  satellite  angular  motion  as  seen  by  the  LOS,  which 
is  a  maximum  when  the  LOS  apogee  is  below  the  SS  (90  prad/sec),  and  the  roll  limit 
cycle  rate  ol  1200  prad/sec— or  1290  prad/sec.  The  roll  and  pitch  axes  are  inter¬ 
changed  for  a  low- inclination-angle  LOS  and  have  slightly  lower  rate  requirements 

The  synchronous  satellite's  gimbals  must  rotate  at  a  maximum  of  about  200  prad/sec 
about  the  roll  axis  when  tracking  a  polar-orbit  LOS,  and  slightly  less  about  the  pilch 
axis  when  tracking  an  equatorial  LOS.  The  pitch  axis  of  the  SS  must  rotate  110  prad/sec 
when  tracking  a  1,000-nm  LOS  in  polar  orbit. 

Li  the  LMSC  baseline  system,  these  rates,  as  well  as  the  higher  rates  and  accelerations 
during  thruster  firing,  have  negligible  perturbation  on  the  tracking  accuracy.  During 
acquisition,  it  is  assumed,  the  rates  of  the  LOS  are  measurable  and  computable  so  that 
they  are  fed  into  the  gimbal  control  system  with  about  200-prad/sec  accuracy. 

3.7  AIRCRAFT  ATTITUDE  KNOWLEDGE  AND  RATES 

The  aircraft  that  may  be  used  in  conjunction  with  the  SDRS  are  discussed  thoroughly 
under  Task  13,  Demonstration  Plan.  For  completeness,  a  summary  of  the  data  on 
aircraft  attitude  knowledge  and  rates  is  included  here  in  Table  7. 

3.3  DOPPLER  EFFECT 

The  rate  of  change  of  the  distance  between  two  terminals  of  a  space  optical  communi¬ 
cation  link  is  not,  in  general,  negligible  compared  with  the  speed  of  light.  Conse¬ 
quently,  it  is  necessary  to  investigate  the  effect  that  this  change  rate  may  have  on 
the  acquisition  and  tracking. 
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Table  7 

POTENTLAL  AIRCRAFT  CHARACTERISTICS 


Aircraft 

Type 

C- 141 


U-2(a) 


SR-71 


KC135 


Volume 


Attitude  Knowledge  3u 


Attitude  Rates 


(a)  With  platform  from  SR-71  added  as  a  modification  to  the  basic  aircraft. 

The  low-orbit  satellite  has  the  greatest  velocity  of  any  of  the  vehicles,  28,600  ft/sec 
when  at  the  perigee  of  a  100/1000-nmi  eccentric  orbit.  The  greatest  rate  of  change 
of  range  will  be  for  LOS  motion  directly  along  the  line  of  sight  to  the  synchronous 
satellite.  This  speed  of  28,600  ft/sec  is  2.  85  x  10"°  of  the  velocity  of  light  -  so  that 
all  frequencies  and  time  intervals  transmitted  from  one  vehicle  to  the  other  will  be 
changed  by  this  percentage  or  by  a  lesser  percentage  corresponding  to  a  lesser  rela¬ 
tive  velocity. 

The  explicit  expression  for  Doppler  effect  for  electromagnetic  radiation  is  (Rel.  2): 


'r  '  1/25 


2  3 

2  *  l/!V 

C 
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where 

f  -  received  frequency 
t't  -  transmitted  frequency 
v  -  relative  velocity 
c  velocity  of  light 

The  relative  velocity  v  is  so  much  less  than  c  that  the  higher  order  terms  can  be 
ignored. 

Expressed  in  simple  reference  values,  the  maximum  Doppler  shift  will  be: 

•  28.5  cycles  shift/Mc 

_5 

•  2.85  x  10  sec  of  time/sec 

These  scale  factors  are  utilized  in  determining  the  maximum  effect  of  Doppler  shift  on 
the  various  signal  frequencies. 


The  effect  of  the  Doppler  shift  on  the  time  of  arrival  of  the  next  pulse  of  a  transmission 
is  a  function  of  the  realtive  velocities  of  the  transmitting  and  receiving  satellites,  and 
thus  is  a  function  of  the  two  state  vectors.  The  change  in  the  nominal  pulse  interval 
can  be  calculated  in  real  time  to  be  effective  over  a  to-be-determined  interval  of  time 
by 


AtP 


T 


where 


Q 

speed  of  light  =  9.83  x  10  ft/sec 

nominal  pulse  transmission  interval 

velocity  component  along  the  relative  position  vector 
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v  -  v  -  V 
VI  SS  LOS 


LI  Rss 


R 


LOS 


(Ugg  ,  VQS )  position  and  velocity  state  vectors  (or  the  synchronous 


'SS 


satellite 


(ULOS  ’  VI,OS) 


position  and  velocity  state  sectors  tor  the  low-orbit 
satellite 


The  variation  of  the  change  in  the  pulse  interval  is  shown  in  Fig.  4  for  sample 
orbital  cases  including  the  worst  case  of  the  LOS  in  a  100/1, 000-nm  eccentric  orbit. 
The  assumed  nominal  pulse  interval  was  0. 1  sec.  The  deviation  for  any  other  pulse 
interval  can  be  determined  by  multiplying  the  plotted  values  by  the  ratio  of  the  desired 
to  the  reference  interval. 


The  peak  deviation  in  pulse  separation  is  shown  to  be  approximately  3  psec/interval  ior 
the  case  of  Rgg  lying  in  the  plane  of  an  LOS  eccentric  orbit  for  which  perigee  occurs 
at  the  ascending  mode  (argument  of  perigee  =  0“).  The  occurrence  of  perigee  at  an 
argument  of  270°  results  in  the  peak  deviation  with  opposite  polarity.  The  figure  shows 
that,  as  the  LOS  moves  from  directly  below  the  SS,  the  pulse  interval  deviation  climbs 
rapidly  to  peak  at  the  point  where  the  LOS  velocity  vector  is  colinear  with  the  line  oi 
sight  between  the  two  satellites.  The  LOS  then  disappears  over  the  horizon  to  reappear 
again  at  a  central  angle  of  270°  from  the  ascending  mode.  The  negative  maximum 
deviation  occurs  where  the  velocity  vector  is  again  colinear  with  the  line  of  sight,  rho 
peak  deviation  for  the  LOS  100-nm  circular  orbit  is  2.85  psec,  occurring  at  a  central 
angle  of  approximately  81s  from  the  ascending  node 


The  variation  of  the  pufse  deviation  when  the  SS  position  vector  Rgg  lies  normal  to 
the  LOS  orbit  plane  is  shown  to  have  a  low-amplitude  oscillation  as  the  LOS  moves 
around  its  orbit  because  of  the  small  relative  velocity  component  in  the  direction  ol 
the  line  of  sight. 


V-22 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

lOC*H{£0  MlSJIlfS  &  $PAC(  COMPANY 
A  t,  *  O  U  P  0  i  V  l  S  :  O  N  C*  lOt  *1(10  A  i  •  c  •  *  *  t  CO!»3M1  ion 


r 


i 

i 

i 


LMSC-  Hvjyunoo-  111 


099  i  0/398^)  NOI1VIA3CI  TVAH3XNI  3SXfld 


V-23 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

IOCKHCKD  MI55ICIS  A  5  »  A  C  F  COMPANY 
A  G  •  0  U  P  DIVISION  Of  lOCUMl/b  *  I  I  C  •  *  M  COMO»*llOH 


Fig.  4  Pulse  Spacing  Shift  Due  to  Doppler  Effect 
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3 .  U  POIN  L'-AHKAl)  ANi’.LK 

1'he  problem  of  pointing  receivers  and  transmitters  from  a  moving  platform  A  at 
another  distant  moving  platform  B  in  order  to  receive  and  to  transmit  optical  signals 
is  complicated  by  the  relative  motion  of  the  two  platforms.  The  apparent  position  ot 
B  at  some  instantaneous  time  based  on  the  orientation  of  the  received  signal  is  "behind'' 
the  actual  position,  whereas  the  anticipated  position  to  which  the  transmission  must  be 
directed  is  "ahead"  of  the  actual  position  at  that  time.  The  relative  angle  from  the 
optical  line  of  sight  of  the  receiver  to  that  of  the  transmitter  is  referred  to  as  the 
point-ahead  angle,  t*  . 


This  angle  is  a  function  of  the  relative  position  vector  Lj ,  the  relative  velocity 
vector  V'  ,  and  the  velocity  of  light  c: 


V 


I 


V 


B 


V 


A 


where  R  .  ,  V  .  and  ,  \’  denote  the  inertial  position  and  velocity  vectors  of  the 

A  Add 

A  and  B  platforms,  respectively.  The  component  of  the  relative  velocity  vector  normal 
to  the  relative  position  vector  is 


AV 


N 


V,  x  r 


The  magnitude  of  the  point-ahead  angle  is  then 


Q 


where 


c  =  velocity  of  light  =  9.83  x  10®  ft/sec 
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The  rate  of  change  of  a  is 


a  --  -  AV  , 
c  N 


or 


e  L, 


VA  *  RB  *  VB  *  «A  |VB-VA| 


?n(|vB  -  *a|) 


The  magnitude  of  the  point -ahead  angle  and  its  variation  with  time  are  shown  in 
Fig  5  for  two  sample  Package  A  orbits.  The  Package  B  satellite  is  assumed  to  ta¬ 
in  a  synchronous  equatorial  orbit  Package  A  is  considered  to  be  either  in  a  10(J-nm 
circular  or  in  a  100/l000-nm  perigee/apogee  polar  orbit.  Two  orbit  plane  orienta¬ 
tions  are  examined.  One  condition  is  that  in  which  the  Package  B  inertial  position 
vector  is  normal  to  the  plane  of  the  Package  A  orbit,  which  results  in  the  largest 
point-ahead  angle.  The  other  condition  is  where  the  B  inertial  position  vector  lies 
within  the  plane  of  Lhe  A  orbit,  which  results  in  the  highest  rate  of  change  of  the  point- 
ahead  angle.  The  argument  of  perigee  of  the  eccentric  orbit  was  varied  to  examine 
the  extreme  point-ahead  conditions.  For  the  eccentric  A  orbit,  it  is  assumed  that 
coverage  is  desired  over  the  low-altitude  region  90°  on  either  side  of  perigee.  The 
extreme  situations  are  brought  about  by  argument  of  perigee  angles  of  90°  and  270° 
(Figs.  Ga  and  Gb,  respectively),  corresponding  to  the  placement  of  perigee  at  lati¬ 
tudes  90°N.  and  90°  S.  ,  respectively,  when  R„  is  normal  to  the  A  orbit  plane  and 

_  13 

an  0°  argument  of  perigee  when  Rg  lies  in  the  orbit  plane. 

The  maximum  point-ahead  angle  of  16.  2  arcsee  (81  ^rad)  occurs  when  Package  A  is 
at  perigee  of  the  Fig.  6b  orientation.  The  maximum  point-ahead  rate  of  0.64  arcsec/ 
min  occurs  in  the  eccentric  orbit  orientation  of  Fig.  6c  at  a  central  angle  from  the 
ascending  node  of  approximately  315°. 

Also  shown  in  Fig.  5  is  the  constant  point-ahead  angle  from  Package  B  to  the  ground 
terminal  lying  along  the  earth  longitude  of  the  synchronous  equatorial  satellite  as  a 
function  of  the  latitude  of  the  ground  terminal  location. 
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ANALYSIS  OK  COULOMB 
FRICTION  AND  STICTION 

by 

Mr.  G.  R.  Chippendale 
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This  appendix  is  a  review  of  an  analysis  by  W.  K.  Nelson.  4  The  results  <>|  tin  aiuilv 
sis  show  that,  for  a  second- order  system  with  coulomb  friction  torque  C  and  slid  ion 
torque  S  (depending  on  the  input),  there  can  be  (1)  steady-state  position  errors  as 
largo  as  S/K,  where  K  is  the  loop  position  gain  and  (2)  slops  ol  torque  ol  magnitude 
SC  applu'd  to  the  merlin  when  the  stiction  breaks  loose.  The  nonlinearilies  involved 
m  the  trictiou  forces  make  linear  analysis  practically  impossible.  However,  a  phase 
plane  analysis  is  ideally  suited  to  nonlinearilies  of  this  type.  Since  the  pointing  com 
niand  in  pitch  <v  _  involves  rates,  a  ramp  input  is  ideal  to  test  the  control  system. 
Three  assumptions  lead  to  a  second-order  system:  (1)  The  time  constants  associated 
v.oh  the  dc  motor  may  be  neglected;  (2)  the  lead-lag  network  is  replaced  In  a  pure 
lead:  and  (2)  there  is  no  compliance  in  either  the  controlled  members  or  the  gimbals 
Kven  when  these  assumptions  do  not  hold  exactly,  the  system  may  be  so  designed  that 
a  good  separation  exists  between  the  dominant  second-order  poles  and  the  remaining 
poles,  so  that  it  behaves  as  a  second-order  system. 

A  block  diagram  of  the  system  based  on  the  foregoing  assumptions  is  given  in  Fig.  1. 
The  nonlinear  feedback  of  <5  is  caused  by  stiction  S  and  coulomb  friction  C  .  For 
d  =  0  ,  the  stiction  torque  controls  the  motion  of  the  system,  and  for  d  *■  0  , 
the  coulomb  torque  governs  the  response. 

Since  a  ramp  input  is  used  to  test  the  system,  d^  =  to.  is  defined  as  the  velocity 
input.  Then  the  error  E  is  given  by 

E  =  ol  -ct 
c 

E  =  a  -  a  =  a i.  -  a 
c  1 


and 


£  =  to  -  a  =  -  a 

i 


*W.  E.  Nelson,  "Effects  of  Stiction  and  Coulomb  Friction  on  the  Response  of  a  Posi¬ 
tion  Control  System  Following  a  Ramp  Input,"  LMSC  Interdepartmental  Communica¬ 
tion  aT;-31-351,  30  Jan  1968. 
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The  equations  of  motion  that  govern  the  system  response  to  a  ramp  in|)ut  w.  arc 
given  by 


JE  +  E  t  KE  =  S  sgn  (u>.  -  K) 

tor  if  -  0 ,  ami 

JE  +  E  +  KE  =  C  sgn  (w  -  E) 
tor  o  ■*  0.  The  function  sgn  is  defined  as 


(1) 


<3) 


sgn  x  =  <f> 


where  -  1  £  <5  s  1  for  x  =  0  ,  +1  for  x  >  0  ,  and  -  1  for  x  <  0  . 


Equations  (1)  and  (2)  can  be  written  in  a  form  that  is  suitable  for  phase-plane  analysis 
which  is  the  plot  of  the  transient  response  of  E  versus  E: 


d<E>  -KE  -  Kj^  E  +  Ssgn  <w.  -  E) 
d(E)  = 


(3) 


for  E  =  w.  and 

diEi  „  -KE  -  KRE  1  C  sgn  (n,  -  E) 
d(E)  JE 


H) 


for  E  *  Equation  (3)  holds  when  the  velocity  input  is  first  applied.  The  stic- 

tion  torque  tends  to  resist  motion  (a  =  0)  and  the  error  rate  is  held  constant  at 

E  =  av  .  while  the  error  builds  up  to 
i 


Estart  *  <S/K>  -  **  “i 
3-177 
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corresponds  to  the  trajectory  Iroi  .  jioitit  1  to  point  2  ol  Fig.  1!.  At  point  2  tin- 
motor  torque  just  equals  slictiou,  and  the  .system  breaks  loose  (o  0).  Alter  tin 
transient  (from  2  to  ;l),  the  system  follows  the  ramp  input  with  no  rale  error  hut  a 
steady- slate  jxisition  error  of 

E  — 

steady  state  K 

For  general  inputs  (other  than  ramps) ,  the  steady-stale  error  could  he  as  high  as 
S/K . 

Figure  2  shows  a  number  of  important  parametric  effects  that  must  be  considered  in 
the  servo  design.  Starting  and  steady-state  positional  errors  may  be  reduced  either 
by  reducing  stiction  and  coulomb  torques  or  by  increasing  amplifier  gain  K  .  1'he 
condition  for  the  system  to  stick  (d  =  0  or  a-\  =  E)  is  given  graphically  by  the  divid¬ 
ing  line.  If  the  system  is  lightly  damped  or  the  value  of  ramp  input  is  very  low,  the 
trajectory  may,  after  breaking  loose  at  point  2,  come  around  and  contact  the  dividing 
line  again.  Under  this  condition,  the  error  rate  E  will  remain  constant  at  w  ,  and 
the  position  error  must  again  build  up  to  point  2  before  breaking  loose.  The  process 
will  then  be  repeated  and  the  system  will  be  in  a  limit  cycle.  Since  the  limit  cycle  is 
caused  by  either  very  low  ramp  inputs  or  insufficient  damping,  it  is  desirable  to 
design  the  system  with  high  damping  so  that  it  will  not  limit  the  cycle  at  the  lowest 
expected  ramp  input.  Since  the  motion  about  the  equilibrium  point  C/K  is  described 
by  a  linear  second-order  differential  equation  (after  breaking  loose  of  the  stiction),  it 
is  possible  to  define  the  damping  ratio  and  natural  frequency  of  oscillation  in  terms  of 
the  system  parameters 


If  t  is  made  greater  than  1.0,  the  possibility  oi  a  limit  cycle  can  be  eliminated. 
Figure  3  shows  an  actual  trajectory  based  on  the  values  indicated. 

This  second-order  analysis  has  indicated  the  type  of  behavior  caused  by  nonlinear 
friction  in  a  system  that  is  basically  second-order. 
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Fig.  2  Phase  Portrait  of  Servo  Shoeing  Parametric  Effects  of  Stiction  S, 
Coulomb  Friction  C  ,  Amplifier  Gain  K ,  and  Lead  Compensation 
Kr  for  a  Ramp  Input  of 
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INERTIAL  SPACE  TO  VEHICLE  COORDINATE  FRAME  TRANSFORMATION 

To  establish  an  optical  communication  link  between  a  spacecraft  and  another  space¬ 
craft  or  a  ground  terminal,  it  is  necessary  initially  to  point  the  optical  systems  in  a 
coarse  open-loop  mode.  Once  the  beams  are  locked  on,  a  fine  acquisition  and  track¬ 
ing  closed-loop  mode  is  initiated  to  achieve  high-resolution  pointing.  In  the  tracking 
mode,  the  error  signals  from  two-axis  detectors  are  utilized  to  provide  gimbal  cor¬ 
rection  signals  to  null  the  errors. 

The  initial  nominal  pointing  commands  for  the  gimbal  systems  are  dependent  on  the 
relative  position  vector  between  the  Package  A  and  Package  B  terminals.  Since  the 
gimbal  coordinate  frames  are  constantly  rotating  relative  to  inertial  space,  it  is 
necessary  to  transform  the  relative  position  vector  from  the  inertial  frame  to  the 
platform  frame. 

Figure  1  shows  the  position  and  velocity  vectors  of  the  two  terminals  and  the  relative 
position  vector  in  the  inertial  coordinate  frame.  The  relative  position  vector  in  iner¬ 
tial  space  is  defined  In  terms  of  the  respective  position  vectors,  R&  and  R^ ,  which 
arc  calculated  from  ephemeris  data  stored  within  the  computers: 

h  =  \ 

The  unit  relative  position  vector  is 


For  Package  A,  the  transformation  T^q  relates  the  rotating  orbital  coordinate  frame 
to  the  fixed  inertial  frame  (Fig.  2).  Define  the  parameters: 
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Fig.  1  Inertial  Relative  Position  Vector 
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R  =  direction  of  R 

A 

IT  =  direction  of  (R^  x  V^)  x 
CT  =  direction  of  RA  x  VA 


(radial) 

(in-track) 

(cross-track) 


-  -J 

r  ' 

X 

k 

> 

II 

y 

z 

z 

■  • 

The  transformation  Tj.,q  is 


JL  -X. 

ba  "a 

!«a*-  <V  V *  Rl  i-  <VV y  <  1 

— 2- 
ra 

'  <VVZ 

T120 

hARA 

hARA 

hARA 

i  x*  - 

zx  -  x£ 

& 

where 

L  "a 

ka  ■  I^aI 

hA  •  lRA*  ?aI 

hA 

=  angular  momentum 

hA 

The  unit  relative  position  vector  in  the  orbital  coordinate  frame  is  then 


Lo  ' 


R 

IT 

CT] 


TI20  LI 
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i  ho  body  motion  within  the  bounds  ol  the  altitude  control  system  requires  the  trams 
formation  ,  which  relates  the  vehicle  frame  to  the  orbital  frame  utilizing  the 

body  attitude  measurements  (6  ,  0  ,  monitored  onboard.  The  orientation  of  the 
vehicle  coordinate  frame  to  the  orbital  frame  La  shown  in  Fig.  ;i.  The  translormation 
from  the  orbital  frame  to  the  vehicle  frame  is  then 


T 


02B' 


-  suc<t>c4-  +  s0s 4  cOs$  sOc#c<i  +  c#sv 

sUcQst  ■*  s <pcC  -cosf  -sUsd>s4-  +  eipcJ- 

cOc<£  sO  -c(js& 


The  unit  relative  position  vector  in  the  body  coordinate  frame  is  then 


The  determination  of  the  relative  position  vector  in  the  terminal  coordinate  frame  is 
valid  for  all  terminals.  The  differences  between  Packages  A1  and  A2  stem  from  the 
requirement  on  the  former  to  sweep  approximately  a  hemispherical  sector  of  the 
celestial  sphere  above  it  whereas  the  latter  is  required  to  sweep  only  a  sector  about 
12”  from  its  own  radius  vector  to  the  earth  center  to  maintain  the  low-altitude  satel¬ 
lite  and/or  ground  or  aircraft  terminals  in  its  field  of  view.  The  Fackage  A  roll 
gimbal  coverage  is  restricted  to  a  movement  of  ±12°;  thus, Package  A1  is  required  to 
rotate  in  yaw  to  cover  its  celestial  hemisphere  whereas  Package  A2  can  operate  satis¬ 
factorily  with  only  pitch  and  roll  control. 


BX 

A 

^■nf 

BY 

A 

lb' 


T  T  T 
02B’  120  I 


Figure  4  illustrates  the  relationships  of  the  A 1  and  A2  gimbal  frames  and  their  de¬ 
tectors  to  the  body  frame.  The  Package  A1  gimbal  frame  rotates  about  the  yaw  axis 
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rotative  to  the  two-axis  detector,  which  is  stationary  with  respect  to  the  body-axis 
coordinates.  The  Package  A 2  gimbal  frame  is  fixed  in  yaw  relative  to  the  Al  detector 
and  the  body -axis  coordinates. 

PACKAGE  A 2  GIMBAL  TRANSFORMATION 

The  Package  Al  gimbal  frame,  which  is  nominally  aligned  with  the  body, is  rotated 
by  yaw  a  , 

ti~  =  tan 


LY 


b' 


b' 


and  in  the  outer  gimbal  (pitch)  Oq, 


-I  * 

=  cos  L„ 

G  ZB 

so  that  the  Package  Al  Z-axis  is  aligned  with  the  relative  position  vector  when  the 
inner  gimbal  (roll)  is  set  at  zero: 


*G 


=  0° 


'The  Package  A  mirror  is  positioned  at  its  fixed  inner-gimbal  offset  of  45°. 


Any  error  in  the  calculation  or  positioning  of  the  nominal  gimbal  settings  will  result 
in  generation  of  an  error  signal  on  the  two-axis  A2  detector  fixed  relative  to  the  vehicle 
coordinate  frame. 


X-6 


LOCKHEED  PALO  ALTO  RESEARCH  LABORATORY 

I  O  C  >  H  I  <  D  MISSIIIS  »  COMTANY 

A  o  I  O  U  r  (rUiliUH  o  *  UKIIIKO  *ll(  »  AM  (  ti  I  1  C  I  »  I  I  O  N 


LMSC-B290200-III 


ERROR  SIGNAL  TO  GIMBAL  CORRECTION  TRANSFORMATIONS 

A  transformation  is  then  required  to  convert  the  error  signals  cv  and  i  into  eorrec- 
1,0,18  to  tlu‘  and  outer  gimbals  of  Package  A2.  The  angular  deviation  of  light  rays 

from  null  in  the  inner  and  outer  gimbal  axis  is  indicated  by  the  components  of  the  <_• 
and  t‘Y  along  the  ZQ  and  XG  axes,  respectively,  as  shown  in  Fig.  5a. 

The  roll  plane  error  then  is 


<pc  =  cx  cos  WG  -  0G)  -  eY  sin  (i)Q  -  oQ) 
ami  the  pitch  plane  error  is 


°e  =  eX  Sin  <*G  -  eG)  +  CY  COS  <*G  "  °G) 

The  gimbal  corrections  to  drive  these  errors  to  null  are 

a*G  m'z*e 

a«G  =  -  0e 

The  resolution  of  indicated  error  from  the  Al  detector  into  pitch  and  roll  gimbal  cor¬ 
rections  is  only  a  function  of  nominal  pitch  gimbal  attitude,  as  shown  in  Fig.  5b,  since 
the  package  is  fixed  in  the  yaw  axis  relative  to  the  vehicle  coordinate  frame.  The 
pitch  and  roll  plane  errors  are  thus 

0e  =  -  ex  sin  0G  +  eY  cos  0Q 
=  ex  cos  0Q  +  eY  sin  0Q 

which  are  identical  to  the  relationships  for  Package  A2  when 

*G  =  0 
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The  gimbal  corrections  to  drive  the  detector  errors  to  null  are,  again. 


=  -0€ 

A  high  degree  of  accuracy  in  determination  of  the  sine  and  cosine  of  the  nominal  outer 
gimbal  angle  is  not  required  to  maintain  adequate  resolution  of  the  correction  angle, 
since  the  detected  errors  and  the  resulting  gimbal  corrections  required  are  on  the 
order  of  seconds  of  arc.  A  simple  table  of  15  settings  for  the  pitch  gimbal  angle 
(Table  1)  will  be  stored,  such  that  the  error  used  in  the  sine  and  cosine  will  not 
exceed  0. 05. 


Table  1 

SINE  AND  COSINE  TO  NEAREST  0.  1 


or  -  0G 

Sine 

Cosine 

0 

0 

1.  0 

5.75 

0. 10 

0.995 

11.  55 

0.20 

0.98 

17.47 

0.30 

0.954 

23.58 

0.40 

0.916 

30.0 

0.50 

0.866 

36.87 

0.60 

0.80 

44.43 

0.70 

0.714 

53. 13 

0.80 

0.60 

60.0 

0.866 

0.50 

66.42 

0.916 

0.40 

72.  53 

0.  954 

0.30 

78.45 

0.98 

0.20 

84.25 

0.995 

0. 10 

90.0 

1.0 

0 
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INTRODUCTION  AND  SUMMARY 


Wo  consider  the  behavior  of  a  communications  system  with  a  nonlinear  characteristic 
ot  the  form 


v(t)  =  sin  u(t) 

where  u(t)  represents  an  input,  or  transmitted  signal,  and  v(t)  the  output,  or  re¬ 
ceived  signal,  both  appropriately  normalized.  A  characteristic  of  this  form  is  often 
associated  with  light  carriers  and  arises  from  a  combination  of  sinusoidal  intensity 
modulation  and  square- law  detection.  Apreciable  distortion  can  be  expected  in  the 
output  when  the  argument  u(t)  of  the  sine  function  approaches  or  exceeds  unity. 


The  transmitted  signal  is  assumed  to  be  composed  of  a  set  of  channels  that  are  fre¬ 
quency  multiplexed.  There  are  two  channels  in  quadrature  per  subcarrier  frequency, 
and  each  is  operated  in  a  biphase  mode.  Since  these  channels  are  operated  independ¬ 
ently  of  each  other,  the  peak  value  assumed  by  u(t)  equals  the  sum  of  the  peak  ampli¬ 
tudes  of  each  channel.  The  mean  (or,  rather,  rms)  value  of  u(t)  would  be  smaller 
than  this  peak  by  roughly  a  factor  of  l-/n  .  Thus,  if  peak  amplitudes  were  to  be  kept 
at  or  below  u(t)  =  1  ,  the  system  would  on  the  average  be  operating  at  a  low  index  of 
modulation  and  therefore  at  low  efficiency.  In  practice,  we  wish  to  operate  in  a 
regime  where  the  average  of  u(t)  is  close  to  unity.  A  certain  amount  of  distortion 
and  cross-talk  is  then  inevitable.  The  purpose  of  the  following  analysis  is  to  obtain 
estimates  for  these  effects.  The  results  can  be  summarized  as  follows.  Suppose 
that  represents  the  amplitude  in  the  kth  channel  in  the  absence  of  nonlinearity. 
Then  the  nonlinearity  results  in  a  reduction  of  by  an  amount  given  by 


1  Ptot 
4  P 


c 
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where  xt»  the  total  input  power  trum  li  11  clnumrls  cuinbmrtl  ami  P 

lstic  power  equivalent  to  an  rms  value  of  u(t)  equal  to  1 


In  addition  to  this  systematic  distortion,  there  is  a  noiselike  random  contribution  P 

n 

due  to  cross-talk  among  the  channels,  which  relates  to  the  received  power  P  m  any 


one  channel  according  to  the  equation 


P  “if  p  \ 

n  tot  (  \  _tot 

«  p  3  /\l  ’a,, 


where  a  is  a  coefficient  that  varies  between  1/2  and  3/4,  depending  on  the  particular 
channel. 

It  appears  that  even  for  P.  ,  =  P  83°;  modulation)  the  cross-talk  "noise"  is  with- 

tot  c 

in  acceptable  limits.  At  first  glance,  this  is  surprising.  Clearly,  peak  amplitudes 
under  these  conditions  will  be  clipped  severely  by  the  nonlinear  transducer.  However, 
it  can  be  seen  that  these  peaks  are  of  very  short  duration  relative  to  the  bandwidth  of 
the  received  channels,  and  in  addition  they  occur  infrequently.  Statistics  and  frequency 
filtering  combine  to  yield  cross-talk  noise  which  is  small  compared  with  what  one 
might  be  led  to  guess  on  superficial  heuristic  grounds. 

THE  SYSTEM 


The  system  operates  at  a  set  of  nc  equally  spaced  subcarrier  frequencies 


w,  =  w  +k£2,u>  »  U 

k  o  o 


Each  frequency  provides  for  two  channels  in  quadrature,  with  signals  of  the  form 


Ak(t,  cos  (wRt  +  0R) 


AR{t)  sin  <wkl  +  0k) 
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Each  t'hamu'l  is  operated  in  a  biphase  mode.  Ideally,  A^(t)  and  A^(t)  would  assume 
o»l\  the  values  t  Cl  ,  where  C  is  a  constant.  Frequency  multiplexing  requires  that 
i he  spectral  content  of  A(l)  and  A(t)  be  confined  to  a  band  Aw  ,  where  A w  -  i2  The 
shapes  of  A(l)  and  Aft)  arc  therefore  modified  by  appropriate  filtering.  It  is  assumed 
that  the  average  power  is  equal  in  the  different  channels. 


The  total  input  signal  U(t)  is  a  superposition  of  signals  of  the  form  (11)  and  (11)  .  For 
simplicity,  we  put  sin(w^t  +  0^)  -  eos(cu^t  +  +  n/2)  and  write  U(t)  as  a  sum  of 

cosine  form  signals 


L'(t) 


V'  A,  cos  (w,  t  -r  t),  ) 
k  =  1  k  k 


(I) 


where  n  is  the  total  number  of  channels  and  where  each  frequency  appears  m  two 
terms  of  the  sum. 


THE  NON  LEM  EAR  TRANSDUCER 

Wo  assume  a  nonlinear  transducer  (e.  g. ,  modulator)  with  a  characteristic  of  sinusoidal 
shape.  For  an  input  U(t),  the  output  is  given  by 

V (t)  =  Vc  sin  (U(t)/Uc)  (5) 

where  V'c  and  U^  arc  constants.  In  the  receiver,  V(t)  is  in  turn  split  into  separate 
channels,  two  for  each  frequency.  In  each  channel  the  signal  is  represented  in  the 
form 


Bk(t)  cos  («kt  +  6k)  (6) 

We  shall  refer  to  the  Ak(t)  as  the  transmitted  signals  and  to  the  Bk(t)  as  the  received 
signals. 
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It  is  convenient  to  introduce  the  normalized  variables 


and 


u(l)  -  U(l)/Hc. 

(7  a) 

vi>  -vwq 

(7b, 

*(D  -  V(t)/Vt 

(7  c, 

\m  -  BkiD/vc 

(Vet) 

respectively,  then  assume  the  forms 

n 

u(t)  =  51  ak(l)  (wkl  +  \) 

k  - 1 

(*) 

v(t)  =  sin  u(t) 

('■>) 

CROSS-TALK 

Equation  (9)  can  be  expanded  as  a  power  series 


3  5 

.  u  ,  u 

v  —  u  — -  +  - 

3*  5! 


=  V  4-  V  +  V  + 

I  3  5  •** 


(10) 


The  linear  term,  ,  represents  a  faithful  reproduction  of  the  signal  u  .  The  higher 
terms  produce  distortion  and  cross-talk. 


The  received  signals  can  be  similarly  represented  in  the  form 

bk  =  bik  +b3k  +b5k+  "• 


(11) 


where  equals  the  transmitted  signal  a. 


k  ’ 
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:i 

We  ahull  deal  initially  only  with  the  third-order  term  v.j  -  -  -a—  We  ahull  show  later 
that  thia  term  ia  indeed  the  only  significant  one  in  any  reasonable  regime  of  operation. 

Using  Kq.  (S)  we  lmd 


iY 


a,  a. a 
0  k  l  m 

kjm  J 


cosfu^t  +  0^)  cos(uj.  t  +  (t  )  cosfie^ 


</  )■ 

m' 


(1-) 


Consider  the  trigone  metric  relation 


COS  II  COS  fj  cos  > 


2 

4 


[cos(o  +  +  >)  +  cos(o'  +  /l  -  y)  +  cos(o  -  IS  ■+  *,)  -t  eos(- 1» 


(Id) 


In  our  case,  in  view  of  Eq.  (1),  terms  of  the  form  a  +  +  y  correspond  to  a  fre¬ 

quency  3-e^  +  kO  which  lies  outside  the  band  of  operation.  Terms  of  the  form 
£1  +  3  -  y  correspond,  on  the  other  hand,  to  frequencies  u-'o  +  k  £2 ,  which  may  coin¬ 
cide  with  one  of  the  subcarrier  frequencies.  Considering  only  these  types  of  terms 
[of  which  there  are  three  in  Eq.  (13)]  ,  we  find 


v3  =  “I  £  Vjam  cos  l^k  +  wj  -  “m>  1  +  \  +  6j  -  °mj  <14) 

kjm  J  1  ■> 

If  we  collect  together  all  terms  corresponding  to  a  given  frequency,  this  can  be  put 
in  Uie  form 


v3  =  2  b3p(t)  cos  (Up  l  -  ep  ) 


(13) 


where  b,^  is  some  linear  combination  of  triple  products  a^a.a^  with 


O) 

P 


u>. 

J 


Lo 


m 


(10) 
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In  llu'  receiver,  v  is  again  se|Kiratod  into  channels  corresponding  to  tin-  suIh.mi  i  h  i 
frequencies  The  spectrum  of  b.j  occupies  a  maximum  bandwidth  o)  .'iAw  , 

when1  Aw  is  the  bandwidth  of  U^(t)  ,  or  an  effective  bandwidth  of  VdAw  .  1x1  us 

assume  for  the  moment  that  this  bandwidth  is  smaller  than  the  channel  frequency 
i l  ,  and  also  smaller  than  the  bandwidth  of  the  receiver  channel.  Then  b.  (t)  repre- 
seats  the  third -order  contribution  to  the  signal  amplitude  in  the  pth  channel.  It 
represents  both  distortion  (i.c.  ,  change  in  the  mean  received  signal)  and  slaiislicai 
fluctuations  (i.e.,  noise). 

In  order  to  evaluate  b..  (t)  ,  it  is  necessary  to  regard  the  coefficients  a,  (t)  as  indc- 

o|)  K 

pendent  random  variables  with  identical  distributions.  Assuming  that  a,  (t)  lias  a 

zero  mean,  i.e.  ,  is  as  likely  to  be  positive  as  negative,  then  the  same  is  Hue  ol  the 

triple  product  a^a.a^  .  Let  us  now  consider  the  triplets  contributing  to  a  particular 

channel  w  .  These  obey  Eq.  (16).  Among  these  triplets,  we  may  distinguish  one 

special  kind,  namely,  those  where  k  -  p  and  j  =  m  or  j  =  p  and  k  =  m  .  These 

2 

triplets  have  the  form  a.  a  and  are  therefore  proportional  to  the  first-order  signal 

k  p 

a  ,  with  a  positive  coefficient.  There  are  2n  such  terms  in  the  sum  in  Eq.  (14). 
The\  contribute  to  a  change  in  the  average  received  value  of 


Aap  =  “I  <a2)  ap  (17) 

where  (a2)1  is  the  expected  value  of  a^.2  .  The  product  n  /a2^>  is  proportional  to  the 
total  input  power. 


The  remaining  triplets  are  not  correlated  to  ap  nor  are  they  correlated  among  them¬ 
selves,  except  for  the  fact  that  each  triplet  with  k  *  j  appears  twice  in  the  summa¬ 
tion.  For  large  n  ,  according  to  the  central  limit  theorem,  the  sum  of  these  triplets 
yields  a  normally  distributed  parameter  g^  =  bp  -  with  variance 


<gp2>  =TMN(p)<ap 
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Tin'  coefficient  1/128  is  composed  ol  a  factor  ]/(>•!,  which  is  simply  Ihc  square  ul  the 
numerical  coefficient  in  Kij.  (  I  f),  and  an  additional  factor  of  1/2  since  there  are  two 
channels  at  each  frequency.  The  term  N(p)  is  the  effective  number  of  channels  obeying 
Kq.  ( Ul)  for  a  fixed  p.  In  determining  N(p)  ,  we  must  take  into  account  tin  equivalence 
o!  ,ij  a^a^  and  am^a^  The  exact  expression  lor  N(p)  is  elaborate  and  depends  on 
the  relative  position  ol  w  within  the  subcarrier  manifold  For  large  n  , 

N(p)  =  2<vn~  (1!)) 

where  u  varies  from  approximately  1/2  at  the  c-dgc  of  the  manifold  to  3/1  at  the 
center . 

Combining;  Eqs.  (18)  and  (19), 


(2U) 


The  received  signal,  b^  ,  at  the  frequency  can  thus  be  represented  up  to  third- 
order  terms  in  the  form 


\  =  \  +  +  Sk  <21> 

where  Jia^.  ,  given  by  Eq.  (17),  represents  a  distortion,  and  gk  represents  a  random 
noise  term. 

We  would  like  to  reexpress  this  result  in  terms  of  the  transmitted  and  received  signal 
powers.  To  this  end,  we  put  the  transmitted  signal  power  at  u>^  in  the  form 

Pt(k)  =  Pc  (a2>  (22) 

where  Pc  is  a  constant  equal  to  the  power  corresponding  to  ya  >  =  1  .  The 

received  power  is  put  into  similar  form.  Thus, 

Prl(k)  =  C  (a2)  (23) 
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represents  the  received  signal  power  in  the  absence  of  distortion,  wltere  C  is  a 
constant,  and 


Pr2(k>  =  C  <K  +  Aa|/) 


(2  1) 


is  the  received  power  lor  the  distorted  signal,  Similarly, 

-  0  <*k  >2 

is  the  average  "noise  power"  associated  with  cross-talk. 

With  the  help  of  these  definitions,  we  can  put  Eq.  (17)  in  the  form 


£a,. 


*k 


1  Ptot 
4 


(lib) 


where  PtQt  =  nPt(k)  is  the  total  transmitted  power.  Equation  (20)  assumes  the  form 


P  P 

n  ct  tot 


rl 


64  2 

*C 


and  Eq,  (28)  the  form 


a  Ptot 

64  ^c2/ 


!-» 


Ptod2 


(2&) 


Examples. 


Consider  a  modulator-detector  system  with  an  overall  characteristic  given  by  Eq.  (5). 
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Example*  1.  Let  the  total  input  power  P  =  P^>  This  power  corresponds  to  an 
input  normalized  amplitude  of  a  =  1  ,  or  a  modulation  index  of  83‘? .  In  this  ease, 
we  obtain  from  Eq.  (28)  a  ratio  of  noise  to  signal  power 


P 

n 

P 

r 


0.02 


where  we  have  put  a  <  3/4, 

3 

Example  2.  Let  P  =  —  Pc  .  This  corresponds  to  a  modulation  index  of  9j',  and  a 
ratio  of  noise  to  signal  power 


P 

<  0.067 
P 


THE  EFFECT  OF  FILTERING 


As  defined  by  Eq.  (15),  t>3^(t)  is  contained  in  a  bandwidth  of  3Au.  However,  the 
effective  bandwidth  is  more  properly  given  by  /3Au,\  Now,  we  can  safely  assume  that 
the  transmitted  channel  bandwidth  Aco  is  the  minimum  bandwidth  determined  by  the 
requirements  of  the  detection  and  decision  system,  since  there  is  no  point  in  trans¬ 
mitting  spectral  components  that  are  rejected  in  the  receiver.  Hence,  filtering  at  the 
receiver  can  reduce  cross-talk  noise  only  by  a  relatively  insignificant  factor. 


HIGHER  ORDER  NONLINEAR  TERMS 


The  analysis  for  vg  and  v 7  can  be  performed  along  lines  analogous  to  those  that  we 
have  followed  lor  v3  .  The  counting  procedures  can  become  quite  complex,  but  for 
high  n  reasonably  simple  approximate  relations  are  easily  obtained.  For  a  given 
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order  s  -  2r  +  1 ,  we  find 


and 


A  a. 
s  k 


!- 1) 


22$ 


1 


Here  A  a.  is  the  mean  change  in  a,  resulting  from  v  ,  P  ,  is  the  corresponding 
s  k  k  s  ns 

cross-talk  noise  power,  and  a  is  a  number  smaller  than  l.  For  P,  ,  -  P_  ,  we 

s  tot  O 

find  that  these  terms  decrease  rapidly  with  increasing  s  and  that  only  the  third-order 
term  is  significant. 


DISCUSSION  OF  RESULTS 

It  is  seen  from  the  examples  in  Section  3  that  operation  of  the  electrooptic  modulator 
at  a  modulation  index  approaching  unity  will  cause  an  appreciable  amount  of  intermodu¬ 
lation  noise  to  appear  in  each  of  the  channels  of  a  frequency-multiplexed  system.  This 
noise  will,  of  course,  be  superimposed  on  noise  from  other  sources  such  as  photo¬ 
detector  shot  current  and  amplifier  noise.  Therefore ,  intermodulation  will  tend  to 
increase  the  bit  error  rate,  or,  equivalently,  to  decrease  the  link  power  margin. 
Because  the  analysis  assumes  that  the  number  of  frequency- multiplexed  channels  is 
large,  whereas  usually  it  will  be  small,  the  results  of  the  analysis  do  not  apply  in 
detail.  Nevertheless,  similar  intermodulation  effects  can  be  anticipated.  Therefore, 
it  is  important  to  consider  means  by  which  inter  modulation  effects  can  be  reduced. 

The  most  obvious  approach  is  to  improve  the  linearity  of  the  input-output  signal  trans¬ 
fer  function  Here  we  will  consider  only  the  nonlinearity  in  the  baseline  system  due  to 
the  instantaneous  transfer  function  of  the  eleclrooptic  modulator-photodetector  com¬ 
bination,  v(t)  =  sin  u(t),  as  given  by  Eq.  (9).  This  nonlinearity  is  fundamental  to  the 
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optical  modulation  method  adopted  for  the  baseline  system,  but  at  least  one  alternative 
electrooptic  modulation/demodulation  method  is  known  that  can  be  made  substantially 
linear  in  its  input-output  transfer  function.  Moreover, the  theory  needed  lor  the  design 
of  such  a  linearized  system  has  been  worked  out.*  Ln  this  case,  the  electrooplic  modu¬ 
lator  is  modified  slightly  so  that  it  produces  pure  frequency  modulation  (rather  than 
polarization  modulation).  Then,  at  the  receiver,  a  special  inm  of  birefringent  fre¬ 
quency  discriminator  is  used  to  convert  the  phase  modulation  to  intensity  modulation. 

It  appears  that  this  scheme  would  be  applicable  to  the  present  problem,  and  hence 
evaluation  of  this  approach  is  indicated. 

Another  approach  to  reducing  intermodulation  noise  is  exemplified  by  the  Interplex 
multiplexing  technique  developed  by  the  Jet  Propulsion  Laboratory.  **  Ln  this  scheme, 
the  signals  to  be  multiplexed  are  first  passed  through  a  special  nonlinear  processor 
prior  to  transmission.  The  nonlinearity  of  the  processor  is  adjusted  to  produce  an 
intermodulation  signal  that  is  just  equal  to  but  opposite  to  that  produced  later  in  the 
nonlinear  transmission  system.  Under  proper  conditions,  the  two  sources  of  inter- 
modulation  noise  can  be  made  to  cancel. 

it  has  not  yet  been  demonstrated  that  the  nonlinear  signal  processing  required  by  the 
Interplex  system  could  be  carried  out  in  the  case  of  the  bandwidth  signals  that  must 
be  handled  by  the  baseline  system.  Therefore,  it  is  thought  that  the  Interplex  tech¬ 
nique  (or  some  variation  thereof)  might  better  be  regarded  as  a  supplement  to  other 
linearization  approaches  than  as  a  primary  approach.  From  a  practical  standpoint, 
design  and  construction  of  a  linearized  eleetrooptic  modulator-demodulator  seems 
more  attractive;  but  both  approaches  should  be  examined  further  before  a  decision  is 
made  as  to  whether  one  or  both  should  be  pursued. 


*S.  E.  Harris  et  al.  ,  "Optical  Network  Synthesis  Using  Birefringent  Crystals," 
J.  Opt.  Soc.  Am. ,  Vol.  54,  Oct  1964,  pp.  1267  -  1279. 

**S.  Butman  and  A.  Timor,  "Interplex  Modulation,"  J ,  P.  L.  Quart.  Tech,  Rev.  , 
Vol.  1,  pp.  97  -  105. 
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Tin'  pillowing  is  an  outline  ul  additional  dlnrls  Hull  should  In-  pel  lormed  m  cnli  i  in 
prescribe  more  accurately  the  t i mil  design  ot  the  C^l’SK  system  ami  also  to  predict 
its  performance  hotter.  *  l.MSC  is  currently  purusing  some  ot  this  imrl.  as  m  lmus< 
funded  ettorts.  However,  expanded  and  supplemental  studies  are  needed  to  ixamiiu- 
I'ullv  the  many  detailed  considerations  which  should  he  made  Having  tin'  results  d 
such  efforts  woulil  eontribule  directly  to  the  success  of  the  forUicoimng  Bra  ssl  ma  i  <1 
Demonstration  and  would  also  contribute  to,  anil  probably  shorten  the  lime  required 
tor,  the  Final  Design  phase  of  the  program. 

It  is  suggested  that  efforts  in  the  following  areas  should  be  initiated  as  soon  as 
possible: 

(1)  Studies  to  extend  the  performance  predictions  oi  the  tJPSK  system 

•  Analy  ze  the  effects  of  bandlimiting  in  the  transmitter  and  receiver  on 
the  following  system  characteristics: 

—  Spectral  density  of  signals  applied  to  the  optical  modulator 
—  Bit  error  rate 

•  Analyte  inter  symbol  and  cross-channel  interference  and  its  effects 
on  the  system  bit  error  rate 

•  Evaluate  intermodulation  effects  occurring  in  frequency  division  multi¬ 
plexing  (EDM)  operation.  The  following  causes  should  be  considered: 

—  Amplitude  limiting  in  modulator  driver  or  receiver  electronics 

—  Nonlinear  transfer  function  of  elcctrooptical  modulator-photodcteelor 
combination 

•  Establish  stability  and  timing  precision  requirements  of  receiver  local 
oscillator  and  bit  synchronizer  clock;  determine  effect  of  data  timing 
errors  on  bit-error  probability 

•  Determine  effect  on  bit  error  probability  of  non- l’oisson,  nou-Gaussian 
statistics  in  avalanche  photodetectors.  Also,  examine  effect  of  departure 
irom  Poisson  statistics  for  high -background  conditions 


'Since  many  of  the  unresolved  questions  have  been  clearly  pointed  out  by  the  Aerospace 
Corporation  evaluation  team,  we  have  attempted  to  reflect  their  recommendations  in 
this  appendix. 
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(2)  Investigation  of  now  approaches  and  techniques  for  improving  system 
performance 

•  Evaluate  and  extend  techniques  for  reducing  intermodulation  e fleets 
during  FDM  operation.  Emphasize  improvement  of  linearity  of 
modulation-demodulation  processes,  and  especially  the  electrooptical 
modulator-photodetector  combination.  (See  Appendix  Y,  Section  G,  ) 
Also  consider  means  of  minimizing  intermodulation  effects  in  electronic 
circuits 

•  Develop  LOS  as  a  laser  candidate  to  take  advantage  of  the  potential  3  to 
5  improvment  in  overall  efficiency. 
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lilt  I  od  UC  t  Ulil 

'Hie  eiivi  ronmenl  in  which  most  ipaceborne  equipment  must  survive  and  tunc  turn  n  unique, 
a  ad,  to  many  d  es  igne  r  s,  novel.  Unlike  the  conditions  fo  r  whic  h  alnio  a  t  all  earth  -  sarldii' 
based  and  airborne  equipment  are  designed,  the  situation  in  which  the  package  may  be  plaied 
m  service  m  an  unmanned  spacecraft  is  u  sually  cumpi  etely  dependent  on  radiation  and  ton 
duction  to  maintain  proper  control  of  temperatures. 

The  obj  ec  t ;  ve  ot  s  pac  ec  rat  t  ther  rnal  H  e  s  ign  is  to  c  ont  rol  the  temper  urts  of  t  li  e  Compon¬ 
ents  of  the  vehicle  in  such  a  fashion  as  to  accomplish  the  mission  succi  o>.illy.  id  ec  t  run  it 
equipment  represents  a  major  part  of  those  space  vehicle  components  which  require  tl.ei 
null  control.  It  is  apparent  to  the  authors  that  good  communication  does  not  always  exist 
between  equipment  designers  and  those  responsible  for  spacecraft  systems  integration  ami 
design.  Tiie  former  are  often  unaware  of  the  environmental  and  operational  demands  which 
will  be  placed  on  their  products,  the  latter  are  all  too  frequently  faced  with  an  equipment 
design  which  is  a  fait  accompli  whose  incompatibility  with  spacecraft  requirements  invokes 
excessive  penalties.  These  penalties  can  appear  as  low  reliability,  which  is  unacceptable, 
additional  weight,  or  operational  restrictions  on  the  space  vehicle.  Much  of  this  difficulty 
can  bo  resolved  before  final  design  of  the  equipment  has  proceeded  too  far  it  the  package  de¬ 
signer  is  made  aware  of  the  nature  of  the  problems,  and  if  he  and  the  spacecraft  thermal 
analyst  can  be  brought  together. 

The  Space  Vehicle  Environment 

The  spacecraft  on  orbit,  or  in  transit  to  another  planet,  is  in  a  radiation  thermal  energy 
balance  w  ith  the  universe.  Us  external  surfaces  receive  heat  from  the  sun,  primarily  in  the 
visible  spectrum.  If  orbiting  close  to  a  planet  it  also  receives  reflected  sunlight,  called  al¬ 
bedo,  which  is  also  visible,  as  well  as  some  energy  in  the  infrared  (because  a  planet  is  a 
warm  body).  Additional  heat  may  be  generated  on  board,  for  example  as  battery -stored 
electrical  energy  or  energy  from  a  nuclear  source.  Essentially  ail  this  heat  energy  is  rad¬ 
iated  away  to  space,  a  sink  whose  temperature  is  close  to  absolute  zero.  The  average  tem¬ 
perature  of  a  solid,  homogenous  body  without  internal  thermal  resistance  is  that  which  satis¬ 
fies  the  radiation  energy  balance. 

q  .  =  €  T4  =  q  (1) 

nout  v  ^  Min 

where  G~~  is  the  Stefan -Boltzmann  constant  and  ^  the  emissivity. 

The  heat  flow  rate  into  the  body  can  be  controlled  to  considerable  degree  by  the  thermal- 
optical  properties  of  the  outer  surfaces.  If  sunlight  only  is  considered,  then  the  solar  ab - 
sorptance,  ,  determines  what  proportion  of  the  impinging  energy  is  absorbed. 

1in-  »2> 

where  -S  is  the  solar  constant,  approximately  123  watts/ft^  at  the  orbit  of  earth. 

The  unabsorbed  heat  is  reflected.  Table  I  shows  values  for  several  materials  in  cur¬ 
rent  use.  The  su  i  is  so  much  hotter  than  the  body  that  body  temperature  has  no  measurable 
effect  on  heat  absorption.  Energy  is  radiated  from  the  body,  however,  at  infrared  wave¬ 
lengths,  and  thus  equation  (1)  is  rearranged  to  determine  the  temperature. 
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Even  a  radiator  on  a  spacecraft  skin  mast  ultimately  reject  its  heat  to  space  by  the 
radiation  mechanism.  Only  in  special  cases  when  mass  can  be  expended  is  any  oilier  rejec¬ 
tion  male  ntiliaed,  usually  a  water  boiler  or  subi unat or .  These  latter  special  cases  will 
not  be  considered  in  this  paper. 

The  space  vehicle  orbiting  earth  is  not  in  a  steady-state  condition  with  respect  to  heat 
inputs,  however.  The  vehicle  will  pass  cyclically  through  sunlight  and  the  darkness  oi  the 
earth's  shadow  unco  per  orbit  pass.  The  relative  times  m  sun  and  shade  depend  upon  orbit 
geometry  and  altitude.  A  craft  injected  into  polar  or  near-polar  orbit,  with  inclination 
ar.gie  near  'J0C,  i.  e.  ,  an  orbit  lying  in  a  piane  containing  die  earth's  axis,  may  spend  any¬ 
where  from  slightly  more  than  hall  to  all  its  tune  in  the  sun,  depending  on  the  angie^ 
between  the  orbit  plane  aid  the  soiar  vector.  In  a  "noon”  orbit,  /&  -  0“  and  the  vehicle 

spends  almost  nail  its  time  in  shadow  (at  low  altitude).  In  a  "twilight"  orbit,  £  la  70f  lO 
90“ ,  and  the  vehicle  is  always  in  the  s.in. 

Consider  now  a  space  vehicle  maintained  in  an  ea rlh -ori ented  non-spinning  attitude.  At 
-  0,  it  is  seen  that  the. sun  will  appear  to  move  across  the  skyward  side  oi  the  vehicle 
tram  nose  to  tail,  as  the  vehicle  orbits.  The  top  will  receive  much  energy,  the  sides  ver\ 
little.  The  bottom,  earth-facing  surfaces,  will  receive  albedo  and  infrared  energy.  Thus 
the  skins  will  exhibit  a  non-unitorm  temperature  distribution,  as  well  as  time -dependent 
cycling.  The  vehicle  in  twilight  orbit  will  have  a  very  large  temperature  gradient,  but  it  can 
be  seen  that  it  will  be  constantly  heated  on  the  sunward  side  while  constantly  losing  heat  to 
space  on  the  dark  side,  so  that  the  temperatures  are  steady.  Figure  1  shows  orbit  average 
neat  inputs  on  a  symmetrical  cylindrical  shape  in  noon  anu  twilight  orbits.  To  show  the 
large  excursions  of  temperature  in  a  thin  skin  due  to  orbital  variations,'  Fig.  Z  presents  in¬ 
stantaneous  temperatures  for  a  horizontal  cylinder  in  a  noon  orbit,  at  relatively  low  altitude. 

Altitude,  too,  will  influence  the  energy  inputs.  For  angles  less  than  twilight,  the 

higher  the  orbit,  the  less  portion  of  total  time  the  vehicle  will  spend  in  the  shade.  At  higher 
altitude  however,  albedo  and  earth-shine  effects  are  less  important. 
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The  reai  spacecralt  cannot  be  treated  n?  a  simple  single  hoii.ugfutuua  lamp.  It  in  a 
com  pi e?  structure,  required  by  its  misaiun  to  be  structured  of  many  linn,  low  mass  i\u  - 
ncr.is  which  t.rovule  a  housing  and  mounting  tor  the  electronics  packages,  power  sources, 
and  other  equipment.  With,  lew  exceptions,  the  structure  15  not  pres  surized.  Figure  3  show: 
a  typical  spacecralt  arrangement.  Heat  transfer  within  the  geometric  complex  is  entirely 
radiative  and  conductive . 
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A  review  of  the  usual  procedure  in  arriving  at  an  equipment  arrangement  may  be  heipi..l. 
Obviously,  any  design  is  a  series  ot  compromised.  Before  arriving  on  orbit  the  space 
vehicle  must  survive  ground  handling,  countdown,  launch  and  ascent  accelerations  ar.c  vib¬ 
ration,  and  aerodynamic  heating. 

Starting  with  the  general  outline  and  internal  construction  of  the  spacecraft,  the  thermal 
designer  places  the  equipment  in  those  locations  winch  best  appear  to  match  the  operational 
req  nrement.  This  is  decided  on  the  basis  ol  the  known  thermal  ch.arac  ter  istic  3  oi  the 
equipment,  such  as  power  dissipation,  duty  cycles,  weight,  temperature  limitations,  n-.t  r- 
ntal  finishes  and  possibly  special  requirements.  The  nature  of  die  mission  and  the  type  o: 
yrbu  strongly  aflect  trie  place  meat  of  equipment.  The  location  of  some  component 13  ;ullu- 
enceu  by  function,  for  example,  horizon  sensors  must  be  located  so  they  can  see  the  horizon. 
Conflicting  requirements  frequently  arise  because  of  the  needs  of  the  power  system,  guidance 
system,  attitude  control  system  and  others  and  because  of  desires  to  keep  wiring  short  and 
to  balance  equipment  mass.  For  the  most  part,  an  iterative  procedure  lakes  place  as  pre¬ 
liminary  design  proceed-.,  The  spacecraft  designer  and  the  thermal  analyst,  working  from 
experience,  develop  trial  layouts,  examine  them,  modify,  analyze,  and  eventually  produce 
n  design  that  appears  to  be  satisfactory.  At  this  time,  the  thermal  -  mathematical  model  i  - 
built.  Tins  1 3  a  mathematical  representation  of  the  vehicle  and  equipment.  The  structure 
i,  divided  into  finite  nodes,  or  lumps.  Kach  equipment  item  is  treated  a.->  one  or  more  nodes. 
The  thermal  capacity  of  these  nodes  is  the  analogy  of  electrical  capacitance.  Node-  are 
connected  by  thermal  resistors,  again  represented  by  their  electrical  counterparts.  A  net  - 
\uirr  i -»  thus  constricted  lo  simulate  the  spacecraft  section.  It  1  -  not  unusual  for  a  model  to 
cutiaisl  at  300  to  7 OU  nodes.  Digital  computer  programs  ot  the  most  sophisticated  type  are 
used  to  solve  for  the  transient  temperature  histories  ol  all  nodes.  Inputs  must  include  ;x  we  1 
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dissipation  figures,  anticipated  duty  cycles,  package  Sv*-lace  c  liar  ac  ter  istic  b.  spacecraft 
orbit  geometries,  and  many  others. 

It  is  easily  seen  that  no  piece  ol  equipment  m  the  spacecraft  is  mde  pendent  of  its  e  nv  i  r  - 
onment.  Similarly,  each  item  influences  the  environment  to  an  extent  determined  by  its 
power  dissipation,  duty  cycle,  thermal  mass,  shape,  and  so  torlh.  Table  il  show-)  these 
influences.  The  table  rcters  to  t lie  equipment  of  t  ig.  3.  It  is  noted  that  sumc  coiiipuiix-nts 
experience  temperature  rises  almost  hall  those  oi  the  equipment  whose  power  dissipation  is 
being  increased. 


TABLE  II 

THE  INFLUENCE  OK  ELECTRONIC  EQUIPMENT  DISSIPATION 
UPON  ITS  OWN  ENVIRONMENT 


Its  Own 


b\»r  Each  Watt  Increase 
in  Dissipation  In  Bos 

Tern  pe  ratu  r  e 
Inc  reases 

And  The 

Temperature  uf  Adjacent  Boxes 

Inc  r  ea  se : 

#14  (5. ju) 

.  9  V  C 

#13 

#19 

#4 

.  17°C 

.  26°  C 

.ll‘C 

#2  U  .  Ovv) 

1.  0 

#S 

#6 

#14 

#2  f 

.  17° 

.  22 

0.5  6 

.  1  1 

#  1  3  ( 5 .  1  v. ) 

2.  2 

#16 

#29 

#24 

#13 

.  28 

.  1  1 

.  066 

.066 

#25  llw) 

.  78 

#17 

#26 

#24 

#28 

.  1  1 

.  33 

.  33 

.  28 

Figures  in 

parentheses  are 

nominal  power 

dissipations 

The  first  computer  runs  of  the  thermal  model  normally  point  out  the  problem  areas. 
Further  dialogue  ensues  to  modify  the  design  to  a  point  hich  will  provide  an  acceptable 
complete  entity.  Parametric  studies  are  made,  to  investigate  all  possible  choices. 

A  result  of  this  thermal  and  mechanical  design  is  the  design  requirement.  This  docu¬ 
ment,  which  sets  forth  the  conditions  under  which  electronic  equipment  must  operate,  con¬ 
tains  a  thermal  section.  The  resiructions  are  the  results  of  the  thermal  analysis  already 
completed,  previous  experience,  and  knowledge  of  the  peculiarities  of  the  electronics. 

The  Environment  Seen  By  Electronic  Equipment 

In  developing  the  design  of  an  electronic  equipment,  the  modes  of  interaction  between  the 
equipment  and  its  environment  are  determined  by  the  heat  transfer  mechanisms  available. 

•  Ground-based  and  airborne  electronics  are  cooled  predominantly  by  flowing  fluids 
and  to  a  much,  lesser  extent  by  thermal  radiation  and  conduction.  The  influence  of 
adjoining  equipment  is  generally  of  secondary  importance. 

#  Spacecraft  electronics,  because  of  the  absence  of  air,  are  cooled  by  thermal  rad¬ 
iation  and  conduction  exclusively. 
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Here  is  a  new  situation  lor  the  electronics  designer  who  is  accustomed  to  having  a:r 
ms  ide  and  outs  ide  his  boxes.  He  can  take  maximum  advantage  of  the  available  heat  tram  - 
ter  mechanisms  by  proper  design  or  he  can  suffer  the  ignominy  of  having  his  equipment 
work  well  on  the  laboratory  bench,  but  fail  in  a  vacuum  chamber  test  or  in  flight. 

Environmental  Effects  on  Boxes 

The  extent  to  which  the  environment  dominates  the  temperature  level  of  equipment  may 
be  seen  by  reternng  to  Fig.  4.  This  figure  shows  time -averaged  tempera tu r e s  ul  an  elec  - 
trically  passive  equipment  in  the  interior  of  a  cylinder  in  near  earth  orbit.  The  effects  of 
fS  angle  and  enuttance  are  apparent.  The  example  is  hypothetical,  but  the  conclusions  to 
be  drawn  are  representative.  As  shown  previously,  the  mission  controls  the  temperature 
level  of  the  spacecraft  itself.  This  is  reflected  to  the  electronics  through  the  eflects  ul  the 
constantly  changing  A  angle  with  the  result  that  the  equipment  temperature  level  can  be 
shifted  greatly  during  the  time  the  spacecraft  is  in  orbit. 

The  spacecraft  thermal  designer  also  exerts  his  influence  upon  the  electronics  temp¬ 
erature  level.  The  designer  in  his  search  for  the  optimum  thermal  control  ol  the  space - 
crait,  as  described  previously,  will  select  the  external  thermal -optical  properties  of  the 
space  vehicle,  and  in  addition  will  use  internal  emittances  within  the  range  shown  to  obtain 
results  similar  to  those  shown  in  Fig.  4. 

It  is  evident,  therefore,  that  the  electronic  equipment  must  be  able  to  survive  in  an  en¬ 
vironment  over  which  the  designer  has  little  or  no  control  --  an  environment  which  is  highly 
variable,  which  seldom  can  be  fully  specified  at  the  time  the  box  is  designed  and,  most  im¬ 
portantly,  which  is  quite  different  from  that  existing  in  the  development  laboratory. 

A  lurther  complication  is  offered  by  the  adjacent  equipment,  which  can  modify  the 
gross  environment  and  thereby  modify  the  heat  flow  inside  the  box.  Certainly,  the  ratios  of 
internal  dissipation  to  heat  flow  shown  in  Table  II  are  influenced  by  the  surrounding  equip¬ 
ment.  Consequently,  Fig.  4  represents  a  highly  simplified  case,  which  demonstrates  envir  - 
onmental  effects,  but  only  for  a  single  item  of  equipment. 

Figure  2  is  more  representative  of  real  configurations  in  which  each  box  is  in  close 
proximity  to  other  equipment  and  subject  to  various  conductive  and  radiative  interrelation¬ 
ships.  One  of  the  boxes  dissipates  1800  times  as  much  heat  as  it  receives  from  its  environ¬ 
ment,  while  another  dissipates  one -tenth  as  much  heat  as  it  receives. 

'Defensive''  Electronics  Design 

Method  of  Mounting 

The  overall  temperature  level  of  any  box  will  be  determined  by'  circumstances  outside 
the  box.  The  method  of  interface  with  the  environment  -  the  conductive  and  radiative  coup¬ 
ling  -  is  beyond  control  of  the  electronics  designer.  The  mounting  of  electronic  equipment 
in  the  spacecraft  determines  whether  the  primary  heat  transfer  mode  will  be  conductive  or 
radiative.  This  is  largely  controlled  by  the  detailed  design  of  the  spacecraft  structure  with 
its  necessary  strong  emphasis  on  weight  reduction.  Defensive  design,  then,  is  design  which 
not  only  brings  components  to  desired  temperatures  but  which  makes  the  thermal  perfor¬ 
mance  of  the  equipment  as  nearly  independent  of  the  method  of  attachment  as  possible. 

In  order  to  clarify  this  concept  it  is  well  to  consider  the  consequences  of  not  making  the 
thermal  performance  of  the  equipment  nearly  independent  of  the  method  of  attachment. 

Consider  an  electronic  box  that  has  been  designed  properly  for  a  typical  aircraft  appli¬ 
cation  in  which  it  is  to  be  firmly  attached  to  a  cold-plate  and  to  which  it  is  to  transfer  all  its 
heat  dissipation  by  conduction.  For  the  sake  of  simplicity,  assume  the  box  to  be  an  isother¬ 
mal  mass  (uniform  temperature  throughout)  and  the  cold-plate  to  be  held  at  70°C.  Figure  5 
illustrates  the  situation  which  this  box  is  placed  into  a  typical  spacecraft,  where  the  box  can 


AA-7 


CYLINDER 

INTERNAL 

EMtTTANCE 


lN3Wd  inoa  DINOyiD31B 


AA-8 


LMSC-  B290200-1H 


transfer  unly  part  of  its  heat  dissipation  by  conduction. 

The  abscissa  m  Fig.  5  is  the  surtace  temperature,  which  tor  tuis  isothermal  La-m  rep¬ 
resents  the  temperature  of  the  entire  box.  The  ordinate  represents  the  method  u!  attac  l.ment . 
lor  the  case  ol  cold -plate  attachment  this  is  100%.  The  parameter  is  the  ratio  ol  the  power 
dissipated  in  the  box  to  the  total  surface  area  of  the  box  (P/A)  which  is  a  convenient  concept 
lor  discussing  radiation  heat  transfer. 

The  magnitude  of  the  problem  becomes  apparent  from  inspection  of  Fig.  6.  The  lie-u 
removal  mechanism  is  shown  for  a  small  sample  of  spacecraft  electronics.  A  larger  sam¬ 
ple  would  undoubtedly  show  an  even  wider  range  in  both  Pi  A  and  in  the  percentage  ol  heat 
conducted  away.  One  box  is  shown  at  over  100%.  this  arises  from  a  radiating  environment 
winch  is  warmer  than  the  box,  so  that  more  heat  is  conducted  out  the  bottom  than  is  dissi¬ 
pated  m  the  tiux. 

The  significance  of  Fig  .  o  to  our  hypothetical  box  may  now  be  seen  in  Fig.  5,  where 
the  operating  temperature  of  the  equipment  is  seen  to  rise  considerably  when  it  is  subjected 
to  typical  spacecraft  installations,  over  what  might  have  been  expected  in  the  original  culd- 
plate  design. 

It  is  obvious  that  equipment  designed  to  be  cooled  by  conduction  to  a  cold- plate  is  likely 
to  suffer  when  used  in  a  spacecraft  environment.  Equipment  designed  to  be  cooled  by- 
forced  air  is  likely  to  suffer  even  more.  On  rare  occasions  the  spacecraft  thermal  designer 
is  forced  into  completely  c  onduct ion -i s ola ting  a  box.  in  this  case  the  box  can  indeed  be  in 
trouble. 

Defensive  design  would  have  avoided  the  foregoing  problem.  Suppose  the  box  had  been 
designed  originally  to  function  with  only  a  small  fraction,  say  10%,  of  the  total  heat  load  to 
be  conducted  to  the  spacecraft.  Then,  any  change  in  the  conduction  path  to  the  environment 
over  that  designed  for  is  likely  to  be  beneficial  and  will  result  in  lowered  box  temperatures. 

A  Design  Example 

The  temperature  of  the  surface  of  a  box  is,  of  course,  of  secondary  interest,  it  is  the 
temperatures  of  individual  components  that  determine  the  success  of  the  thermal  design. 
Figure  7a  shows  a  sketch  of  a  hypothetical  box  designed  for  cooling  by  means  of  a  cold  - 
piate.  The  box  has  a  surface  area  of  1  sq.  ft,  and  is  placed  in  a  70°C  environment.  The 
interior  consists  of  a  series  of  identical  component  boards.  The  center  board  carries  most 
of  the  heat  dissipated,  in  six  components  dissipating  0.  555  watts  each.  The  heat  conduction 
paths  are  closely  connected  to  the  base  of  the  box,  1.  67  watts  are  dissipated  uniformly  on 
the  remaining  boards  of  the  box  to  yield  a  P/  A  of  5  watts/ft^.  For  the  higher  ratios  shown, 
all  dissipations  are  increased  proportionately. 

The  dashed  lines  of  Fig.  8  show  the  temperature  of  the  hottest  component  as  functions 
of  box  mounting.  It  is  evident  that  substantial  component  temperature  rises  can  occur, 
particularly  for  the  minimum-conduction  mountings  which  are  often  encountered  in  space¬ 
craft. 

Now  let  us  redesign  the  hypothetical  box  of  Fig.  7a  for  cooling  predominantly  by  radia¬ 
tion,  under  the  following  constraints: 

.  Box  outline  to  remain  similar 

•  No  increase  in  weight 

.  No  major  change  in  electronics  layout 

•  No  change  in  power  dissipation  distribution 

.  No  increase  In  percentage  of  board  covered  by  conductive  paths 

One  of  many  possible  redesigns  is  shown  in  Fig.  7b.  There  has  been  no  attempt  at  op¬ 
timization.  The  weight  of  the  baseplate  has  merely  been  redistributed  and  the  conduction 
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paths  inside  the  box  have  been  realigned,  with  the  results  depicted  by  the  solid  lines  ol 
Fig.  8.  Contrary  to  what  might  have  been  expected,  a  substantial  temperature  reduction 
has  been  achieved  under  all  conditions,  even  when  the  equipment  is  mounted  directly  to  a 
cold  plate.  Whether  results  such  as  these  can  be  expected  in  all  cases  is  not  known,  bui 
this  example  at  least  shows  that  defensive  design  does  not  necessarily  result  in  a  weight  ui 
volume  penally  and  does  not  handicap  the  design  in  other  ways. 

Design  Procedures  and  Suggestions 

Inspection  ot  typical  spacecraft  equipment  reveals  that  most  electronics  thermal  design 
is  still  oriented  toward  cold-plate  cooling.  This  is  desirable  in  those  spacecraft  which 
utilize  cold  plates,  but  it  unnecessarily  stresses  components  in  the  many  spacecrall  which 
rely  largely  upon  radiation  heat  transfer.  In  the  latter  it  is  obviously  desirable  to  achieve 
the  closest  possible  coupling  between  components  and  the  environment  to  which  the  box  is 
radiating.  This  is  achieved  by  several  means. 

Dow -Res  istance  Conduction  Paths  from  Components  to  Cover. 

Since  covers  are  frequently  quite  thin,  it  is  best  to  go  directly  to  the  cover,  rather 
than  to  try  to  conduct  to  a  baseplate  first  and  from  there  to  a  poorly-conducting  cover. 

Couple  closely  by  conduction  from  the  component  to  its  support.  Consider  bonding  Com¬ 
ponents  (particularly  cylindrical  ones)  to  the  support.  Conformal  coatings  can  be  used  to 
close  gaps. 

Keep  the  conductive  path  from  the  component  support  to  the  interface  with  the  environ¬ 
ment  (say,  the  box  cover)  as  short  and  "fat"  as  possible.  Even  the  copper  on  printed  circuit 
boards  can  be  of  some  help. 

Minimize  thermal  contact  resistances.  Note  that  contact  resistances  may  increase  in 
high  vacuum.  Values  measured  In  air  may  be  meaningless  in  vacuum.  Grease  is  a  better 
conductor  than  literally  nothing  in  the  interstice. 

Low-Res  istanc  o  Radiation  Paths  from  Components  to  Cover, 

Such  paths  are  established  by  utilizing  high-emittance  surfaces  on  components  and  or. 
the  inside  of  the  box  cover  --  and  by  making  the  "view"  of  the  cover  or  otner  cooler  sur¬ 
faces  by  the  critical  components  as  good  as  possible.  It  is  surprising  that  equipment  with 
bare  metal  internal  cover  surfaces  is  still  encountered. 

High  Emntance  on  the  External  Surfaces  of  the  Cover. 

The  temperatures  shown  in  Figs.  5  and  8  would  be  higher  if  the  box  surfaces  had  low 
emittances. 

Check  Effects  of  High-Wattage  Components  on  Adjacent  Components. 

Merely  derating  a  component  is  insufficient  if  an  adjacent  hot  component  brings  the  oper¬ 
ating  temperature  above  that  allowable.  Consider  that  radiation  may  cause  overheating  of  a 
sensitive  component. 

Keep  Temperature -Sensitive  Circuit  Elements  Away  From  Com  ments  Experiencing 

Wide  Temperature  Swings. 

Although  a  circuit  may  be  very  stable  under  continuous -  duty  operation,  spac ecraft  elec  - 
tronics  are  frequently  operated  under  highly  variable,  cyclic  conditions  but  seldom  long 
enough  to  achieve  stable  temperatures. 
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Fig.  7 (a |  Box  designed  lor 
cold -plate  mounting. 


Fig.  7(b).  Box  redesigned 
for  radiative  cooling. 
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Use  the  Structure  of  the  Box  to  Reduce  Component  Temperature  Excursions  in  Cytlu 

Ope  rat  ion. 

Make  Allowance  lur  Variations  in  Power  Dissipation  in  Presumably  Identical  Component » 

The  foregoing  suggestions  are  oriented  toward  the  high-temperature  end  of  the  operating 
range,  because  this  is  where  most  problems  seem  to  occur.  Where  low -tempe  ratu  re  oper¬ 
ation  is  critical,  special  attention  must  be  paid  to  thermal  design  at  both  ends  of  the  opera¬ 
ting  temperature  range.  At  low  temperatures,  equipment  that  is  predominantly  radiation 
coupled  to  the  spacecraft  will  increase  in  temperature  considerably  more  than  equipment 
winch  is  strongly  connected  conductively. 

Veritication  ot  Design  Adequacy 

The  ultimate  proof  of  a  successful  design  is  obtained  when  the  equipment  functions  suc¬ 
cessfully  in  space.  Before  this  event,  equipment  is  usually  subjected  to  a  series  of  tests  on 
the  ground  to  establish  design  adequacy.  It  is  to  the  interest  of  both  electronic  equipment 
and  spacecrait  designers  that  these  tests  simulate  the  space  environment  as  closely  as  possi¬ 
ble.  Certain  relevant  facts  may  be  recalled  at  this  point: 

The  final  equipment  mounting  in  the  spacecraft  may  have  any  degree  of  conduction 
isolation.  The  exact  degree  is  generally  unknown  until  the  completion  of  space¬ 
craft  design  -  and  even  then  is  subject  to  change. 

The  internal  heat  transfer  mechanisms  are  altered  considerably  for  non-pres- 
surized  equipment  as  the  spacecraft  ascends  and  the  air  bleeds  out. 

.  The  spacecraft  thermal  designer  usually  treats  electronic  equipment  as  black 
boxes  or  homogeneous  ''lumps”  in  a  thermal  analytical  model. 

Equipment  is  subjected  to  a  highly  variable  environment,  and  to  variable  duty 
cycles  on  itself  and  on  adjacent  equipment. 

Therefore,  the  tests  must  be  performed  in  a  manner  that  will  assure  successful  opera¬ 
tion  of  the  equipment  throughout  its  lifetime  no  matter  how  it  is  applied  in  the  spacecraft. 

Of  course,  a  realistic  set  of  equipment  performance  requirements  must  also  be  supplied  to 
the  electronics  designer. 

Tests  that  will  provide  a  quite  realistic  and  conservative  simulation  of  spacecraft  appli¬ 
cation  can  now  be  designed.  They  involve  the  following  features: 

For  high-temperature  conditions,  the  equipment  is  to  be  mounted  so  that  nearly 
all  (say  90%)  of  its  power  dissipation  is  transmitted  to  the  environment  by  thermal 
radiation,  when  considering  the  box  to  be  an  isothermal  mass. 

For  low -temperature  tests,  the  equipment  is  to  be  mounted  in  intimate  thermal 
contact  with  the  mounting  base.  The  mounting  base  must  be  kept  at  the  required 
temperature. 

The  entire  environment  including  mounting  plate  is  to  be  at  a  uniform  tempera¬ 
ture.  (The  test  chamber  walls  need  not  be  held  at  this  temperature,  because  an 
intermediate  shroud  can  provide  the  environment.  )  This  may  not  simulate  any 
specific  Installation,  but  seems  to  be  the  only  reasonable  approach  tc  a  general¬ 
ized  environment. 

Equipment  shall  be  operated  under  cyclic  or  continuous  conditions,  as  planned  for 
the  application. 


AA-13 


LMSC-H2‘i02()0->II1 


Enough  uial  lamentation  should  be  provided  tu  dftciii.me  the  theriwai  la  havUM  ol 
the  equipment  and  the  temperature  patterns  within  the  equ  i pn u-  n t . 

RcUuoiiatup  ol  Spuceciutl  aiui  Equipment  Desigiu-r  -') 

It  ha  a  been  true  m  the  past  that  very  Little  mlui  inatiun  iran.^U'  r  ha?>  existed  between  the 
spaccvratl  thermal  designer  and  the  electronic  equipment  thermal  designer.  ’Ibis  paper  i.-> 
an  attempt  to  inform  tire  equipment  designer  oi  the  general  principles  and  design  i  .jnsniuj-.i  ■ 
IU'Um  applying  to  electronic  equipment  in  spacer  rail.  It  is  Imped  tuat  design  m  udequu  lei  > 
pe  rtuiimng  equipment  will  be  aided  by  utilizing  tin*  mlurmatinn.  On-ojbit  pe  i  1  u  j  ii.a  nc  e  un 
be  enhanced,  however,  where  it  is  possible  to  transfer  thermal  mlor  iiiatum  between  lie  en¬ 
gineers.  Unless  a  special  situation  exists,  the  spatecrall  engineer  generally  ureters  equip¬ 
ment  that  does  not  have  to  be  '  babied'1  and  that  can  be  placed  anywhere  m  the  spacecralt 
witiue.il  special  constraints.  Tins  makes  the  initial  design  ol  the  electronics  mo  i  »■  diUmuii 
but  probably  improves  overall  equipment  reliability  as  well  as  making  the  equipment  mure 
attractive  in  the  competitive  sense. 

The  electronic  equipment  engineer,  however,  has  valuable  informal  ion  to  transmit,  lie 
knows  which  are  the  critical  portions  ot  his  design,  where  the  best  locations  lor  test  and 
flight  the  rmocouples  are,  which  laces  of  the  box  he  might  prefer  lor  heat  transit  r,  and  the 
transient  response  ol  Critical  components.  This  kind  of  information  can  be  used  henel  ic  laljy 
m  spacecraft  Layout  and  may  help  substantially  m  improving  the  overall  pe  rto  rr.  .anc  e  m  the 
equipment.  It  also  helps  the  spacecraft  engineer  m  evaluating  orbital  behavior. 

Summary 

The  space  environment  is  sufficiently  different  from  environments  encountered  by  elec¬ 
tronic  equipment  designed  lor  g r ound -bas ed  or  aircraft  operation  that  thermal  design  should 
be  bpecaucully  tailored  tor  it.  Design  concepts  developed  for  other  environment  s  need  to  be 
drastically  modified  to  produce  satisfactory  results  in  space.  Equipment  can,  however,  be 
designed  to  function  successfully  in  space  when  the  unique  conditions  of  space  flight  are 
taker,  into  account  during  the  design  process.  Adequate  specifications  and  design  for  opera¬ 
tional  requirements,  well-planned  testing,  and  information  transfer  between  the  spacecraft 
and  electronics  thermal  designers  result  in  equipment  that  is  successful  m  meeting  mission 
req  r.  re  merit  s . 

Ac  Know  lodgments:  The  authors  wish  to  thank  F.  Verloi  and  D.  Frank  for  their  help  m  pre¬ 
paring  pert  of  the  data. 
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Fig.  8.  Temperature  o£  hottest  component. 


AA-15 


UNCLASSIFIED 


DOCUMENT  CONTROL  DAT  A  -RAD 


■  ||«\  lilt,  *1  MM  ! 


i  i'hihin*  i:\„  »C  *  i  »  '  ’  •  .  t  .  >rj>.<ra(i«  ,ii.  ifinr  •- 

Lockheed  Missiles  &  Space  Company.,  Inc.  q 

A  Subsidiary  of  Lockheed  Airerafl  Corporation 
l'alo  Alto,  Cahlonua  9  4304 

LASER  COMMUNICATION  l’K  E  I.IMINAH V  SUBSYSTEM  DKSIC.N  FOR  THE  SI*A Cl  DAT  A 
RELAY  SUBSYSTEM  il'>.  YOU.  I  EXECUTIVE  SUM  MARY.  VOL.  II  TASK  Rl  POUT'S 
VOL.  Ill  APPENDIXES 


Emal  Report  -  P.l  April  llD  1  through  Pi  Oelohcr  PIT 


rt.i.M/c  ihiOhI.  (nil  n<tn>( 


R  E.  Win  truer  cl  al. 


lit  November  li)7  1 


•a  \  .'N’l.i,'  T  C*  vi  m  AN  T  S 

1'0-lTti  1  -  T  1  -  C-oaCD 


LMSC-  B290200- 1 ,  -11,  -111 


EYTtiDiT  103574 


OTQlOg  iON  S'i’EMD 


9/"  Ob'tR  »EPOf»T  rviO'Sl  nmjiNffv  f/i«f  nu«»  t>+  m  \  s  i  #rir<i 

ihu  r+port) 


SAM  SO  TR  71-252 


Distribution  limited  to  L'.S,  Government  agencies  only;  test  and  evaluation;  19  November  1971. 
Other  requests  for  this  document  must  be  referred  to  SAMSO  (SYAX). 


Department  of  the  Air  Force,  Headquarters 
Space  and  Missiles  Systems  Organization  (A ESC] 
Los  Angeles,  California  90045 


A  preliminary  design  for  a  laser  communication  subsystem  (LCS) 
for  a  Satellite  Data  Relay  Subsystem  is  presented  in  three  volumes. 
The  LCS  design  includes  a  1-Gbit/scc  data  relay  system,  a  20- 
kbit/sec  command  and  control  system,  a  ranging  system,  and  the 
acquisition  and  tracking  system  for  pointing  a  2.4-prad  beam. 
Communication  links  between  ground/aireraft/low-orbit  satellites 
and  a  synchronous  relay  satellite,  between  two  synchronous  relay 
satellites,  and  between  a  synchronous  relay  satellite  and  aircraft/ 
ground  terminals  are  treated.  The  baseline  design  uses 
quadriphase-shift-keying  of  a  microwave  subcarrier  to  modulate 
a  0.53-pm  Nd:YAG  laser  beam  for  the  high-data-rate  subsystem, 
modulation  of  a  HeNe  laser  beam  for  command  and  control  and 
ranging  signals,  and  a  Q-switched  Nd:YAC>  laser  lor  initial  acqui¬ 
sition.  The  optical  subsystem  design  includes  24-in. -diameter 
and  G-in.  -diameter  telescopes.  The  critical  components  requir¬ 
ing  development  are  evaluated,  and  a  plan  and  schedule  are 
presented. 
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